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0% ray muon, passing through the charged
and f%ﬁ???ﬁgéggf eap?on syst em BACKGROUND [ 0005] Char ged

parti cl e tonography is based on the scattering of
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STATEMENT REGARDING FEDERAL RIGHTS

[0003] This invention was made with Government support under Contract
Number DE-AC52-06NA25396 awarded by the United States Department of

Energy. The Government has certain rights in the invention.
TECHNICAL FIELD

[0004] Embodiments relate to fields of particle detection, analysis, control
and, more particularly but not exclusively, to methods and systems for analyzing
data from a charged particle detection system having a plurality of position
sensitive detectors and for reconstructing the trajectory of a charged particle,
such as a cosmic ray muon, passing through the charged particle detection

system.



interact with atons in the upper atnosphere to produce

showers of particles that include many short-1ived
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Mions interact with matter primarily through the

Coul onb force, having no nuclear interaction and

radi ating much less readily than el ectrons. They | ose

energy only slowy tigtRERRYEGRED omagnetic

i nteractions. Consequently, many of the nuons arrive

at the Earth's surface as hi ghly penetrating charged
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description. A full appreciation of the various
aspects of the invention can be gal ned by taking the
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[0007] There is a need to provide an improved method and system for

reconstructing a volume of interest from muons or other charged particles

passing through the volume.



a first side of an object volune to neasure positions
and angl es of incident charged particles towards the
wWobkjosatose®l ume; a second set of position sensiPCTES2007/082753
detectors |l ocated on a second side of the object
vol ume opposite to the first side to nmeasure positions
and angl es of outgoing charged particles exiting the
obj ect vol une; and g UMMARRSSSIng unit to receive
data of neasured signals fromthe first set of
position sensitive detectors and neasured signals from
he cond set of positi sensitive. detectors. .Th
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obj ect volune scattering density using an
expect ati onmaxi m zation (M./EM algorithm and (d)
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advaBBE bR b0e PN RVE0.ET S BOARSIHr aspect . et hod
for detecting an object volune fromcharged particle

t onographi ¢ data obtained fromthe object volume
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the first set of position sensitive detectors and measured signals from the second

set of position sensitive detectors. The signal processing unit processes the
received data to produce a statistical reconstruction of a volume scattering

density distribution within the object volume.

[0011] The signal processing unit can be configured to: (a) obtain charged
particle tomographic data corresponding to scattering angles and estimated
momenta of charged particles passing through an object volume; (b) provide a
probability distribution of a charged particle scattering density based on a
statistical multiple scattering model; (c) determine a substantially maximum

likelihood estimate of the object volume scattering density using an expectation



[0013] The nethod allows a user to identify the
presence and/or type of object occupying the vol une of

WO pao8nesso f rom t he reconstructed vol unme scat t ePCTS2007/082753
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(j) determ ning a probability distribution for
mul tiple scattering based on the definition thereof
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[0014] The charged particle tomographic data can comprise tomographic
data gathered from charged particles, such as muons, generated by cosmic rays

or some other source.

[0015] Making a decision based on the reconstructed object volume
scattering density can comprise making a decision on at least one of (1) a
presence and (2) a type of a target object in the object volume based on the

reconstructed object volume scattering density.

[0016] Providing the probability distribution of a charged particle scattering
for use in an expectation maximization (ML/EM) algorithm can comprise (g)
obtaining a probability distribution in 2D for a charged particle based on a

predefined scattering density of an homogenous object; (h) obtaining a 3D



nodel ; and (n) approximating charged particle ray

scattering and displ acenent based on a correlated 2D
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probability distribution for the charged particle
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maxi m zation (M./EM al gorithm can conprise gathering

measurenents of scattering and nonmentum .
[0019] Obtaining a probability distribution for scattering of multiple charged

particles through a non-homogenous object volume characterized via basis
functions can comprise establishing a 3D grid of basis functions representing
discrete scattering density estimates; determining the scattering / displacement
covariance matrix for each individual muon as a function of the ray path and
scattering density estimates; and determining a probability distribution for a
plurality of charged particles as the product of individual charged particle

probabilities.

[0020] Determining the substantially maximum likelihood estimate of the
object volume scattering density using the expectation maximization (ML/EM)
algorithm can comprise gathering measurements of scattering and momentum for

each charged particle; estimating geometry of interaction of each charged



for each charged particle / =1 to M{Agx, Agy, AXx,
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wowak/1¢geh voxel ) = 1 to /V: (L, T) y \ for eardiI/us2007/082753
charged particle voxel pair, conputing the weight

partiaitty sephrbas dndiary ob it istartigeseqtdihe] ity i, epen
charg;%gt%blr}ﬁagl‘-ﬂ(?si:saf‘uﬁcbiéh it radél‘e%mnﬁ‘@tﬁ‘e’ Mfgh& NEo ififalizing

new voxel s.
scatterigedengityoin eroh mgan‘wrmiloowerMQwasgoramdw ﬁercaduneiyr&ﬂlwdg for

the %@mg?@nﬂgd?rﬁ)ae%ﬂhgdg{e}{&ggdi@g ﬁd%r o] Jec V([)Iume contents;

wheré&ifl Wﬁétlt‘éﬁaﬂlﬁ@b%% Y sf&‘p@@datfébréi@t@r%lhéa rﬁfrht%ﬂ &Gterations
vol une from charged particle tonographi c data obtained

or whiendhe tshtutiobjie changihg niess dngr B pesd¢teyminiedadlsirance aluged
particle tonographic data corresponding to scattering
angl es and esti mated nonenta of charged particles
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carrier storing instructions
that, when executed by a conputer, cause the conpute

Ao D PG ¥BEI A HERIRG @ $1BPPEOAI (IR PERCESE B 76t ruat r&mne»offor all
obj ect volume density profiles fromcharged particle
Voxel§ormgraph| c data, the method conprising: (a) obtaining
predet erm ned charged particle tonographic data
corresponding to scattering angles and esti mated
[0022] The expectation maximization (ML/EM) algorithm can include a mean

update rule or a median update rule.

[0023] According to yet another aspect, a computed-implemented method for
detecting an object volume from charged particle tomographic data obtained
from the object volume comprises (a) obtaining charged particle tomographic
data corresponding to scattering angles and estimated momenta of charged
particles passing through an object volume; (b) providing a probability distribution
of a charged particle scattering density for use in an expectation maximization
(ML/EM) algorithm, the probability distribution being based on a statistical
multiple scattering model; (c¢) determining substantially maximum likelihood
estimate of object volume scattering density using the expectation maximization

(ML/EM) algorithm; and (d) outputting a reconstructed object volume scattering



nonment a of charged particles passing through object

vol unme; (b) providing the probability distribution of
w@basgedoparticl e scattering for use in an expRCI/HS100TI082753

maxi m zation (M./EM algorithm the probability

di sfrjbution being based on a statistical nultiple :
densiy, A ST atare TSt Besed ity erccianpiett phieBy Scattering
volurh@yenairp. | i kel i hood estimate of object volunme density

usi ng the expectation maxi mzation (M./EM algorithm

and (d) outputting a reconstructed object volune

2 catteri na. densi t%. BRI EF DESCRI PTI ON OF THE DRAW NGS
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t wo- di nensi on projection of scattering and

maximizeppadétd B )ualgdrithon .aldlieu seroheldisty distrbutoscheingribasgd on a

. [.0Q2 FIG 4.illustr s, scattering through pultiple
statis|icg) o Py s PR ofeT (e o sRbTAtHl fdmum
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of the projection showmn in FIG 3, [0031l] FIG 6 _
(ML/EM) aégarihes aad @ltaiipwidiag £y seeanstroetest abjest velame scattering
dens'# econstruction of volunme scattering density profiles

Yor muon tonography; [0032] FIG 7 illustrates a
per spective view of sinulated objects; [0033] FIG 8
illustrates overhead view of sinulated objects; [0034]
FIG 9 illustrates reconstruction of Gaussian
scattering sinmulation with path | engths esti mated
assum ng two lines connected at the PoCA point;[0035]
FIG 10 illustrates reconstruction of sinulated data
usi ng scattering



wi th Non-Gaussian tails; [0036] FIG 11 illustrates

reconstruction of sinulated data using scattering with
WORIWSEHNIsEI an tails via the nedi an net hod; [ 00B7I/US10@/082753

12 illustrates major objects in a sinulated passenger

van; [0038] FIG 13 illustrates reconstruction of 1

m n of sinulated nuon exposure of the passenger van

via the negr|reOSCRIPASN OF BHEIFRAWINGSS at es

reconstruction of the passenger van scene via the

medi an nethod; [0040] FIG 15 illustrates a flow chart

eneral | outlini.n met hod f.o tatistical
0024150 66 HefobRaBY g SRS B whiehi s Teltenes numgrpls.er to
|dent|E§ForC1ﬂﬁ6&§’r¢all aéf r‘§r1'|I§|l @Ieh%ﬁ?gﬂﬁf@b?lh&ﬁ@tﬁé @bBQratt@ vﬂﬂ\% and which
nbodi nent ; IG 15A ilTustrates a flow chart
are |mnrporate@ |anaread<éa1pfnea afart loé tpeo@mmaitloestﬁurﬂmr| Wystrate the

robab|l|t tri utlon f scattering of. a
presell Jasiy o Poflyfodaieh el He. AERIec e Btnd &} ik invention,
servétbaékp'ﬁélh e pﬁﬁéﬁbFe%rdfﬁEe PRERInt AfEPtiBhng to one
nbodi ment; [0042] FIG 15B illustrates a flow chart
outI ining an exanple of the process of estimating the
it dlstrlbt ion of scatt 2D
roo24op °F & i detRalsn bk SaTisle 8" b Bkef lorBiianty Eherg:
denS| ty of obj ect according to one enbodi nent; [0043]
FIG 15Cillustrates a flow chart outlining an exanple
[00270f t HelGor cditustratesexa etvdd- dgnemaaorstaltqje,cttw@alofwed@ttertr@ and

3D ace ordi ne 0044] FI G 15D
dispIgar Tt LsPedS defe e OB HCP RS an. exanpl o of the
process of determ ning the probability distribution
for scattering and di spl acenent of multiple nuons
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scatt%r ?ﬁ%ﬁ% gq,ﬁ%ﬁrgerhﬁggahﬂﬁd@%}aﬁ% 6?@2 8§é§%qu§ag;fl ow

maxi m zing |ikelihood of estimated density profiles of

obj ect volunme using an
[0029] FIG. 4 illustrates scattering through multiple layers of material;

[0030] FIG. 5 illustrates using point of closest approach for path length
calculations of the projection shown in FIG. 3;

[0031] FIG. 6 illustrates an automated system for statistical reconstruction of

volume scattering density profiles for muon tomography;

[0032] FIG. 7 illustrates a perspective view of simulated objects;
[0033] FIG. 8 illustrates overhead view of simulated objects;
[0034] FIG. 9 illustrates reconstruction of Gaussian scattering simulation with

path lengths estimated assuming two lines connected at the POCA point;



expectation maxi m zation al gorithm according to one
enbodi nent . DETAI LED DESCRI PTI ON [ 0046] The particul ar

wa 2008@4056nd confi gurations di scussed in these PCT/US2007/082753
nonlimting exanples can be varied and are cited

100347 eSS 1 AhisTele sl TRl AR §ala 4fing Aatering
with N@@J@aﬁgi@hng”é;nventi on. [0047] Technical features
N |

escribed in this application can be used to construct
various particle detection systens. For exanple, a

ro03d]z ool o5 uiEElvelE Betnalalien &F e lelee Favei s s peatering
with NI6H-GY 3Sidntafts vRPIh8Ghedian MRethBapect ed, a first set of

position sensitive nmuon detectors |located on a first
side of the object holding area to neasure positions
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detectors |l ocated on a second side of the object

hol di ng area opposite to the first side to neasure
[0038]osi tFl&ns 18ndlusirgtess retonsitupiong ofudneiexof i sijpmulated muon

ohj e hol di ng area, .and a signal processing unit,
expow{ka%tﬂﬁ%yaﬁ Je/ang/igine megn 8%1rogcessor, to receive

data of neasured signals of the incom ng nuons from

the first set of position sensitive rmuon detectors and
[0039easurléd ¢ dnalratesfrechestouatigoi efghaurassengemnvamsceee yiadthe
medisrc]at ﬁ gpsition sensitive nmuon detectors. As an

Ax '@% each of the first and second sets of particle

detectors can be inplenmented to include drift tubes

arranged to allow at | east three charged particle
[004Q]osi thl&hall 5 nHEsliateseat Bownchart | generaily exitingng aadmegthod for

. l.east fhree charqge article sitional. neasurenents. ..
statls*lﬁé" G[eg%%%t%ctlgproég/toﬁj%ﬁe &C@ﬁgp%@gepgwfqléeg f%%r 5‘c.thargeot particle
tomo@tdph§tdcebrdifd e sheembdei@eassi ng unit is configured to

anal yze scattering behaviors of the nuons caused by

scattering of the nmuons in the materials within the

oo oo ok P SRR ARl SIRE Y EEorbBTing 0Cess

of estiPEBAG ARG iptolpulity | Bsteibutidte of Baatt&inglof bIhboh ipaRsiph t%r]ough
e

scattering centers wthin the object holding area.
an object volume using a multiple statistical scattering model according to one

embodiment;

[0042] FIG. 15B illustrates a flow chart outlining an example of the process
of estimating the expected probability distribution of scattering in 2D for a single
muon based on a predefined scattering density of object according to one

embodiment;

[0043] FIG. 15C illustrates a flow chart outlining an example of the process

of extending the statistical model to 3D according to one embodiment;

[0044] FIG. 15D illustrates a flow chart outlining an example of the process

of determining the probability distribution for scattering and displacement of



obt ai ned tonographic profile or the spatia
distribution of scattering centers can be used to
WO eapgakosshe presence or absence of one or nor ePCHPSWNH082753

in the object holding area such as materials mﬁth high

.gtom c _nu ncl udi g nucl ear materials or
m“'t'@ﬁcﬂ”ﬂb%?t Rugénsﬂoﬂ vE MOSRNAYS e 1P RIS FRCOT ing' 16” one
embdd¥RbRMAKedi n vari ous configurations, including drift

cells such as drift tubes filled with a gas which can

be ionized by nuons Such a system can be used to

tili cosn1 s.as the so
10048} oo B el B iR At Ble oty et éxafiiis Rtrapragess of
maxu‘ﬁ%rﬁb MeMRR of UdfRatdd RMRIL) THOARBNEAbbRR! \;ohﬁnmé?rﬁ’éj an
and system for statistical reconstruction of volune
expeciation eraxinizatins ialgorphnmf adoesdifgto oharegebgitnent.cl e
t onography according to the illustrative enbodi nents
provi des an approach in which an i mage or nodel of an
obj ect can be reconstructed based on the scattering of
cosm c ray charged particles noving through the
object. [0049] The trajectories are nore strongly
affected by special nuclear material (SNM and
materi al s that nmake good gamma ray shielding (such as
| ead and tungsten) than by the materials that nmake up
nore ordi nary objects (such as water, plastic,
al um num and steel). For cosmc ray charged particles
, and in particular cosmc ray nuons, each nuon
carries information about the objects that it has
penetrated, and by measuring the scattering of
mul ti pl e nuons, one can probe the properties of these
objects. In particular, one can detect high-Z objects
anongst nore typical lowZ and nediumZ nmatter. [0050]
In order to explain to explain various technica
features for statistical reconstruction of volune
density profiles for charged particle tonography
according to the illustrative enbodi nents, reference
will first be made to a nuon tonography concept an
exanple of which is illustrated in Fig. 1. [0051] Sets
of position sensitive detectors 10 are configured
above and bel ow an object volune 11 to be inaged to
provi de the positions and angl es of

10



bot h i ncom ng and out going charged particle tracks 12

(shown by solid lines with arrows). Two or nore sets
W@R00p0o#I560 on sensitive detectors 10 arranged aROW/ESH07/082753

vol une to be imaged provide the position and angl e of

i ncom ng charged particle tracks. These detectors

nmeasure charged particle position in two orthogonal or

non-orthogonal cegrgdnErepESNRAPTgONSEet of position
sensitive detectors 10 records outgoi ng charged

particle positions and angles. Side detectors

100487 o o Rarliean Ve, end eificaterise BRLEREY | fqtsg: son-
limitir®f eR8GPIE8a9HE Pakdd %'n@ érreaélll‘ed éreiPH ﬂ@sfréﬂé%'f@agstdone

coi nci dent 1 ncom ng and out goi ng nmeasur enent s
embaqgiimentt b thep praseninentioni anat ate hobintemded o it the scope of
the irs&at; tering occurring in the detectors thenselves or in

€ INYeNUOL, of scatterers of known properties placed

between two sets of positionsensitive detector planes.

[ 0052] One exanple of a position sensitive charged
[0047|dart | teahnieal etstatures s dasertied: in uthés fapplieatian taanabe used to

consRS A, e e bRy M M58 seecton

systefy géﬁde‘ﬁélﬁihpaﬂmdn@ a8 aplee chgigRet bQﬂICRifS chR PeRifeC ahadbject
charged parficles, such as nuons. Tp03|t|ve HV of
ir

holdmbec&a fer_Baoing Snaghjecte bebmpeewdr al firahseteofipasition sensitive

muorl RS toBBah o st ShP, Sl e oEED g Hrad Bgmeasure
positiBh8Rn¥ Arighseosihaidefit fiudhnd tbwaRiseherdbjeMRIMih§ @réd s §66bnd

]partlcle interacts with gas atons, many el ecirons are
set of ppeitign s@nSitiym MHes sleiewnts losatedsonaa gheond sisle; ai tegabject

nolaify R oPig I o 1RE arsy il ot i) RS P angles of
outgc{limﬁ‘?frﬁlﬁtﬁnsaéﬁﬁlﬂgwhéeo%’@bp Roldind @mék,08ihd & eRfnaPpiréeddsing unit,

tinme-to ital converters) of the data
whichagiyi l@¢|tJd©ne 8l @:W%ﬁpl&ees&ﬁ;ﬁp geaeiver datetafdneasuredsignals of

I
tne iffghihg O RonTAF Fritceerciablor] SB30mIq ooyt PR and
meas@f’éﬂ 8ignbRAGTtthé lLegoind A Ees fﬁc&mtth@s@c@@@ skt OM@dsition sensitive
measurenents in a second direction which is different

muorY AGIACIATE- B AN gramSta, Bracanal ey fitsé asd: AeeRiithpetsoot particle
detecttérrsséaﬁj'breei?r{dl&%'ented to include drift tubes arranged to allow at least

three charged particle positional measurements in a first direction and at least
three charged particle positional measurements in a second direction different
from the first direction. The signal processing unit is configured to analyze
scattering behaviors of the muons caused by scattering of the muons in the
materials within the object holding area based on the measured incoming and
outgoing positions and angles of muons to obtain a tomographic profile or the
spatial distribution of scattering centers within the object holding area. The
obtained tomographic profile or the spatial distribution of scattering centers can
be used to reveal the presence or absence of one or more objects in the object
holding area such as materials with high atomic numbers including nuclear

materials or devices. Each position sensitive muon detector can be implemented

11



[0053] A signal processing unit, e.g., a conmputer, is

provided in the systemin FIG 1 to receive data of
wWore@su#se si gnal s of the incom ng nuons by thePCT/US2007/082753

detectors above the object volunme and out goi ng nuons

n veisbis. GSafdisatinne, 1naCHBH g Pal SiEAaISceea e Al o ges

whicPBER\WePIohiZd by eniiBHY)S StaHSE dyShén® eah i LSEd 1t Wilife natural
vol ume based on the nmeasured incom ng and out goi ng

cosmpb iyt mmoss sasdtrengdwse aff muons ferodetbcting oactanmgreaphjects in
or the spatial distribution of scattering

th lg.r o{i I@.
e oljgfit BOI9ING '’Pn t he vol ume. The obt ai ned t onogr aphi ¢

profile or the spatial distribution of scattering
centers within the volume can reveal the presence or
[004&]bsenoe anfe timplebertationn thike noethode anidn systesn for statistical

coorb ARG W503te S B Lol e R gt B
tomodRiphy Sa&edih ftbCﬂh@fmuét%tﬂxem@irfb%d#n@ﬁt@k@@@idg@ %{rﬁ?p@k@ach in

~ or cargo container can enter for scanning
whichs yast émagahers maddl tofphe elject eannpe oeconstnicied ayasagows the

can be used to selectively detect high z-mtehal in a
scattef 8, g tRC apY BT Rafighs ieiie tigdd &g B0 s

techni que i s passive, does not deliver any radiation

dose above background, and is selective to high-z

[0049]ens el mtrajeictaries ameemosnsioengiy affepieddussietipl pucleasimaterial

sy Be S BBE TR gPl i aiher oy’ SRRETRE (Gl A Pag ane
tungstdl® thaheby ahe rhbteridld Bidtaibke!op nidle briRay adt)ééts ggch as

processing part of the signal processing unit may _
water, ghdive @wainum, aand siaed). senict eyt Chatged masicles , @nd in

partic O, el rinB0% B4E Ao BRSPS Spli fhe obiects
that it hiad Penditdaved, eap By mashs ting-tHe sdattdritgy 6haiud@sle muons, one

particles are cosmc ray nuons or other cosmc ray
can wphedbe papertigseef these ebjecisodn masicudamsine oan detect high-Z

ovjecfEaTBEISCbts Rifedliohr SRl iginallery T Pel Ts' Can
be i nmpl enmented by, for exanple, drift tubes with

center anode wire running along the |ongitudinal o
[005Qi r edni @dento explain ihexplanegeeus tarhingal ferivfescfasstatistical

recon%ﬁtjagfioﬁ hgp VORHE ‘agﬂsiﬂ? &%‘fi%%t “?gr u&ia?&ecﬁ)oﬁérttiic%n tomography
according to the illustrative embodiments, reference will first be made to a muon

tomography concept an example of which is illustrated in Fig. 1.

[0051] Sets of position sensitive detectors 10 are configured above and
below an object volume 11 to be imaged to provide the positions and angles of
both incoming and outgoing charged particle tracks 12 (shown by solid lines with
arrows). Two or more sets of position sensitive detectors 10 arranged above a
volume to be imaged provide the position and angle of incoming charged particle
tracks. These detectors measure charged particle position in two orthogonal or
non-orthogonal coordinates. Another set of position sensitive detectors 10

records outgoing charged particle positions and angles. Side detectors (not

12



sensitive sensors other than drift cells. Furthernore,
charged particles can be generated by a source other

WO b@s/1¢560m ¢ rays. For exanpl e, nmuons can be gRCIEDS108T082753
as a lowintensity beamfrom an accel erator. [0055]

showg{ alihe LRI FEMEt FiPed KEHgBI MR R RO TGS O tracks
The SEAERKHY @ingld Qdfaéa&rﬁ a@ﬂ‘a?@;ed Fh iU kriacR! % cbAfplited from the
nmeasur enent’'s both obj ect "geonetry and el ectron density

coincafent incomting @inal odgomgerneeswament&t(élmrgwqnmrthjamd)mgntum is

estimgsE i B 5Bt HERut kil S SeSRRE oraddles. or in a
layer [(08&3ttetBRs BY %6%' B&)ﬁgrtlé‘@%ﬁm%ﬁeérprtw@%coﬁ PYsition-
muons in a volune under inspection (e.g., a package, a

sensibedtatactor gangs.vehi cl e) by the processing unit for the
systemin FIG 1 can include reconstructing the
trajectory of a muon through the volune, neasuring the

[OOSZJEW@H@e%rTﬁﬂ’e bf& %@sﬂ@n@é?&t%%r@éﬂ pheR GefelcIPis Bedrift

tectors on each side of the volung, and determ ning
tube filtess pathi an operatinggas. omhefdrifthisibscean bemgylut@hﬁ@atgub@fand is

. the volunme, These nd ot.her ssin t n be

fled 0y 4 4RI e euBRers vaay SR b 4T Ebi feidBny &1 the

cosmﬁtafdyoéﬁ%rgééﬁﬁrﬁélé§ éUchté?mUHrié”eA%hlvésl-vaif%{HduBgZaBkV is
target object 0057] For exanple, the reconstruction

appliegd tQ ag;etntrajl eoode wist exteodmgg@lang dne ilengih pddike n:gllndrlcal tube

witn WP il SRR, 0PRSS o oo Vs R i
preselrﬂlanmehl tﬁéSch@ggéH bhttickeintérabist wi gaBateRe, ﬁea"riyl &lk6tFons are
and correspon hit tinmes; (b) grouping in-tine

iberatid firone SNpsehiatams dar istraigint diseb |r¢@fa§s@t¢¢rdt efgthsi tupea The

Statlctiqqﬁl%& tsg%tlﬁ? rgt(ﬁgj %if]egkgtrqg\%dtg ?rr ff*ng %r&pg%sp:)&%tl\ée@ %H%rged

anod¥ &itewhivh i8 reBa®ut eﬁctr‘dnmélI?tW|WTD@§@Inﬁ’e-I&&Utglt©Ub@rﬁverters)
charged particle hits a drift cell; (d) determ ning

of therdata acauisitionalectomiest i Ragresebof tdrieetors caer be dritt tubes

arrané@{j l‘fS Q\[ E éét reeegﬁgr{g?egé’ﬁ%r%? I ‘ﬁ]ﬁ?ﬁ%] arg%%agi‘frementtg‘?n a

first cﬁmdtueﬁmwbnmeésb tAreRAEhAedaparticlepasitionalahg@surehtents Jin a
searching and selecting a tinme-zero val ue associ at ed

seconq difeetin wainh isfditferent ?@Hktffq tirst geeetiemand feay ke orthogonal
to thePfst Hﬁgét%rn_charged particle and conputing error in

[0053] A signal processing unit, e.g., a computer, is provided in the system in
FIG. 1 to receive data of measured signals of the incoming muons by the
detectors above the object volume and outgoing muons by the detectors below
the object volume. This signal processing unit is configured to analyze scattering
behaviors of the muons caused by scattering in the volume based on the
measured incoming and outgoing positions and angles of muons to obtain a
tomographic profile or the spatial distribution of scattering centers within the
volume. The obtained tomographic profile or the spatial distribution of scattering
centers within the volume can reveal the presence or absence of the object in the

volume. In some implementations, additional drift tube detectors can be
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time-zero and tracking paranmeters. Such reconstruction
of the track based on the tine zero fit provides a
W0 ewsngtssuct ed |inear trajectory of the char geRCT/US2007/082753
parti cle passing through the charged particle detector
fast detectors

h t h . )
mplefiten SHEE T DL e baph IO iapdsirugiure into
WhIChS%nBaé“d'g%r d @éhlc@bﬁcda‘?{;o V%nfé]nglebﬁﬁtéﬁtéh%rpWI% CHy the

he nuon through the apparatus to the nearest few
systenanﬁbe&ondlﬂpteosqatmlngeaftcbermc ree- epns cROGEB)sell oosdlectively
t he rm nt um

detech TR otmel N ot SR BPUROAT BRLER BT GhETAe eIt

tech eefét Ms3iviD doBs oFdelvéradhy Rieliati: ddsd) alsOt bSKgrdGh@ and
plurality of position sensi’tive detectors to scatter a

is selehtiveyéal high-ziadnsepastdriags. t Héwetqugrgphm(mpcmsg: mangof the

. e scatteri of a. r article in osi.tion, .
signal Biageef il e ord raRRRER s RLbb GrnisToine Cobiiies Ry s ot
the $AHBI ict@SoRPWRNNINE @étebRAST 10hreﬁlté}‘ﬁ§h§él9n&he tomographic

nmeasurenents of the scattering charged pairticle; ();

procegstngr pamiaighatsigralsprosassing amtcmwybeﬁmpleenerﬁad g@da remote
rtjcle fromihe positiona asurenents;
comefyfiabii i araeE s SoethBraf O HEEE b &riets Pehyark or
pubn@Hétrvmﬁsgaﬁtavs%é Ihtepiett he at | east one trajectory.
This techni que can be used to determ ne the nmonmentum

of the charged particle based on the trajectory of the

h d,particle which is determ f .
100545y A7 S UbSfafi RufdheliglF e ofE Ty HeeThbgRe, artiies are
cosm&em§¥tmmen§eéﬁ@&r%ﬁch@%ye@w«gé@%rt.b@g UFR ®e position

addi ti onal netal £I ates in the detector 0059]

sensitiee gietectors €& aipldiftycellpstiliads with emepersiisgfgas for sensing the

charaTefr T EaR B itPsfle el B 1ot SRRl EbeBbin

centedabBo@é ewﬂéOVumﬁi? balopy. théORMLitAdinaXKadctiorf ofiNeach tube.
automat ed system for statistical reconstruction of

Howeusr ufeargest p@rrtlicleg q@@suthgn pRBONS @enf be degtggdusing position

sensifif sefisdis QRS BROACHG: RlrhewfeR. ERRRET BRI can ve
generitsd &y 80sdirse &)tﬁ@tﬂtﬁem esmic tayrdaFordexaimblal MargRdca® be

receive char?ed particle tonographic data 54. The

geneeaied ged lpurinfansdy bempyfrapnat ageglaraien be, for

[0055] The muons penetrating a dense object (black tracks) scatter
significantly stronger than muons going through air (gray tracks). From multiple
track measurements both object geometry and electron density of the material
can be reconstructed. Muons passing through the volume are scattered in a

manner that depends on the materials through which they pass.

[0056] The processing of measurements for cosmic ray muons in a volume
under inspection (e.g., a package, a container or a vehicle) by the processing unit
for the system in FIG. 1 can include reconstructing the trajectory of a muon
through the volume, measuring the momentum of an incoming muon based on

signals from the detectors on each side of the volume, and determining the
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exanpl e, muon tonographic data determ ned from
nmeasurenents of the nuons using the charged particle
waeleasaswsso 1 of FIG 1, or alternatively, any or¢EDS2007/082753
charged particle detector having position sensitive
nabl e tr char

spatig]o 0 EEEOEL I SPRLHEH OB o i A e diece; dad other
proce¥4Riy sl bah b%h%a% B thel @RSrBPRIcDriflbricAeagure

used to extract or determne scattering angles and
variogs properides oblimentoduroe suobras detedctirigea taypat glejécharti cl es

passi ng through an object volune. [0061] Autonated

system 50 includes a statistical reconstructor nodul e

[00576 StE6reskPRpIENthCRIEbRSIHI&Ton aet‘h@nt% jESBhPbf BQSFH'e\@eoBEartlcle

I's responsi bI e for statistically reconstructl ng vol une
passiggatireugmg detedtors riDohamg Bosetnobrdrit tubeeercanhmob,@tfa (@)

obtaiB B0 iCEEnhE e RrE o Aen TS el PR GBS RE by BpEdhd phtticles

and do‘ﬂr%sr)bhéﬁlbrrﬂi hM@segB)qurbUElﬂg |ﬁft|nﬁé‘§r|ﬁtﬂeﬂ'misei§eﬁﬁi‘ﬁéoegé PRing
of roller

) the con ] 1 is formed using one or
assogiated wptbrakirqclq oh lee phactnutart ehﬁargedc@a@ole pAaBsing (IDrRYgh said
ot he

deteqire RS Estidlcler Spl R VANE TS 8 BpgRnllet sime,at which

said PAraegap enamkRaqshriveiteida dAf c@ﬂ’n(;d) Qlekérnifing d?Ft @dRibE8EE on
standard conputer but in order to achieve real tine

estimatasudt thet tiweczane velues; driftpiroaldopversiorudeta and dhentiofe of the

hit; (%afitﬁl l g}eoatrqtp%q% | %gggﬁ) nEH 8@&%@%@%52@2&p?squrgiédjlg} %nmte zero
valuen@hg P adeartiing dndesasstid é $|rﬁélzét%a‘llalbé RsofiafedEWANRhE best
the controllef can include say 20 CPUs. The | arger the

of thestraeinfitsgoarfarmes! for a pritinulen chaigect rartieladncheompwiéng effer in

time-$GBl G 17ER Bt r st oo B5f AR BFuRABA TG L erE BRES on

the tiRe 2410 fQrdviEks eF re@oﬂas@@@teGHMebﬁtraJeWWQithéﬂdh}érged particle
avai |l abl e or open-source operating gstem i ncl udi n

paSSIBgtthrmlghrtbgtohrafg@bpar@c@lﬂem@tpawmgué avisgnto uaenfa@:tpi ectors

(suenboPHBiosiibre yekB, Pun”alifeer atBledl b fpme other fes

detectfrewhliohngety sl 818 pASSAJP bF ¢iRd inlien @iropgRAhanBp@dratus to the
stored in storage devices, such as a hard drive.
nearest few nanoseconds to provide the time-zero.

[0058] Also for example, the processing for measuring the momentum of an
incoming or outgoing muon based on signals from the detectors 10 in FIG. 1 can
include, (a) configuring a plurality of position sensitive detectors to scatter a
charged particle passing therethrough; (b) measuring the scattering of a charged
particle in the position sensitive detectors, wherein measuring the scattering
comprises obtaining at least three positional measurements of the scattering
charged particle; (c) determining at least one trajectory of the charged particle
from the positional measurements; and (d) determining at least one momentum
measurement of the charged particle from the at least one trajectory. This
technique can be used to determine the momentum of the charged particle based

on the trajectory of the charged particle which is determined from the scattering
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Al'so, in the automated system 50, the track
reconstructor nodule 56 is software in the formof a
W@ 09pu40ss0e usabl e data carrier storing instructPCHES2007/082753
that, when executed by the controller, cause the
controller .to, formthe nethod of statistical :
of thef Baeaer iF R BF Bos e IR FERENS JSPETT PR vthgp the
use o%é&@i%ﬁa%b?dlﬁﬁegmé’é’c@étoﬂccord' ng to the

illTustrative enbodi mrents. The nodul e can be installed
locally on the controller, as indicated in FIG 6, or

un froma r tion.via.a PLEH tQatisti
r005qlne RENS: 1 G S5BBEM elfe n L " TenGEEr B atstca
recon$fdench andbjdene|ane stattbting elemie profles Mone BBBEJdtDparticle
such a nodule. [0064] Automated system 50 al so

tomographisidataargirspyidgd H8loveper abl y coupl ed to the
controller 5 1 for displaying to a user imges or data
of the object density profiles reconstructed by the

[0060JySt eam exanipte Wir@daudnisted systenffacstdtizttalsieeonstreeion of
be operably connected to the processing systemto

volumg seaitering Ransiperafies farochrrae nagtiee thmasrarias greryding to

one eﬁm’}{bﬁﬁgcﬁmen‘ﬁs fll‘ﬁgHéfe%din 6@13&;5]5]9?&%% ﬁl@.lé.egu%@g sﬁ{g{em 50

under stand t hat [ ustration’'o

has meredntrotiepi 51i adaptee @mpiarea@%ed he emdeeiienaitizsged pheicle
aut omat ed system 50 and that the enbodi nents are not
tomogﬁarﬁ?htcedj&t%e%@t th:cﬁhaé&%ﬁ'rp@?!ﬂ'c@oﬁ%m@gradﬂhl'c dfatgphean be, for
examrgf‘é:, MGES LHG%SQrdﬁbQé‘HStaf H?t‘é?r'nﬂ{é%‘ fré% &%BFBr%rhémé JFBAL $Hlons
S’hardwar e su as analogue or digital circuitry
usingviht lohatgddhpartiske ddteoiot rogriGedsor alt¢®a6tgly Refhy otHenghtimed
FIG 15, which illustrates a flow chart generally ,
paﬂ'%ﬂﬁiﬂ@m\’d‘%\/ ingPABILOR Sensitiye detectars ¢TNERT R enaliedracking

ey £ of i r g !
of a AT paRitic PlsPh hidhn 2 voRAe s BTESHE, e mygp or other
chargedli partitlesomogipa@hicidata pare thet eged toesktatd g eetgratine stattering
t onographi ¢ data correspondi ng to track positions, _
angle§ca@§ Stimptad gnedentz AsurEs & ﬁ%}%rﬁhﬁﬁg%é REFHFI§e dPassing
N iES BRsaLNg through an object vol une, as
througﬁglhccgt%@g in p{ra'ocess step 10 1. The predeterm ned
charged particle tonographic data can be obtained for

xanpl e fromthe detector of FIG 1. Thereafter, a
[006 4 ope oM IYBIATB0 BRUGE 3 SRUSDEPhENokUSOh iy 56

store@ ort Y SSﬁ’t&cH%rr.t RebEAstAAS! ROJUY 8898 raBh&Sdibié oo atistically
represented by a

reconstructing volume scattering density profiles for muon or other charged

particle tomography. The module 56 may be implemented as a software module

or a hardware module.

[0062] In the illustrative embodiment of the automated system 50 of FIG. 6,
the controller 51 is formed using one or more operably linked computer processor
units (CPU) based system such as a computer (PC), or other microprocessor
based system such as a digital signal processor based system. The controller
can be a single standard computer but in order to achieve real time results the
controller typically includes a farm of parallel processing computers (not shown)

sufficient in number to provide the processing capability necessary to achieve
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spatial distribution of a scattering density (to be

defined below) is provided based on a nultiple
wae@Biigtsscal scattering nodel, as indicated byP€TES2007/082753

process step 102. A nmaxinmum |ikelihood estimte of the

s G o 1 B S, B EIAM B B
largePHBOT ddaMMing@ Yol umde Gt B8 InfudH etsSStos iR #E3-finEP&he desired

reconstructed volune scattering density profile 1s

resolyticem theitarger therproeessing nompkiierda(rpmolt esed $o bp. 104) .
The deci si on nmaki ng process is optional and can be for
a process of identifying the presence and/or type of

[0063]bJ eChn 06,9&@%@gsyyéismV%H@Bo@Sth'en@bﬁ@bW& i5A @heCP@ai/ be a
tep 105. The deci sion maki ng process can involve

comnmmmﬂyu avaitghiet et |cmeneefomoe|mqetmgp53&emﬂt i umgludlng but not
st A5l alat P e AP LI or oners
that rﬁbQCHé H§EVEopéd WP te Tlﬁtgrém‘lrﬁ%?tﬂﬁ:tléﬂg f%ﬁ@ébé@tlﬁﬁ%ﬁf@m and

he enbodi nents al di screte tonographi
appllcraé@@ascvrr peagramsofret a@rednllrmrséor@geu de\deesstsuah ae a hard drive.

o, BF06 elEin <R et ot 6\ BB BRI BBl SF 0 Roroware

in théfﬁ‘&hﬁ‘_ éRkl @@mE)EMr L%Jagﬁér 'dth“daﬁrlé#S%rh? instrdlctichnd MR when
i keli hood estimates of densit rofilles of objects.

executed byt hed cantioksrsteauseothe r@rérwﬂiedutaepe@‘oranl tbw aneised of

statlshg%l P&%Bhatr%’ﬁk%g&&ﬁieen%g t%?rfé grgpg%/f ?pﬁg‘?ft Iﬁg%re %Barged particle

tomo§@PPNS hEsETHRY YO! thee iIdenativey enbbdihtentyamheUsnodule can be
t I{ﬁgfl i cations include cosm c ray nmuon tonography for
insta

losasy iwontieapentselenr psyindigaiescin bHSapppPr ¢un iftams a remote

ocaifflyig & FehiorRedlneTig e SR BnBEr AR Ruds R e g woula

undets3gtl theré @6 RESItIHIE tmedus 6 |ﬁﬁilé’MeﬁiM%*su¢h ameddules of
the vehicles or cargo using the od and aut omat ed

systems of the illustrative enmbodinents to allow

[0064 di?%ﬁoﬁﬁ%@ gﬁgtf&rﬁgé aﬁ@e unO%EE% sZ)inOﬁgscleoevr\gbllyséoupled to

the cbRBOINST HUGHE Aitplayiny RErd uesr &hagé@foer%nTaad’fdthéF’&ﬁ}@ct density
reconstructions, several inportant differences

profilgs ee¢angerugtes by the gystem Ffefemidredd eb s daterface (e shown)
can baeogﬂ)ér%%)) 8&’ﬁ1ec't:éc5 £ thd BFocessmg system to allow a human operator

to manipulate the processing system, as required.

[0065] Those skilled in the art would understand that the illustration of FIG.
6 is merely depicting one example of the embodiments of the automated system
50 and that the embodiments are not limited thereto. For example, some or all of
the reconstructor module functionality can be implemented as hardware such as

analogue or digital circuitry without the use of microprocessor.
[0066] Referring to FIG. 15, which illustrates a flow chart generally outlining a
method for statistical reconstruction of volume density profiles for charged

particle tomography according to one embodiment. Method 100 initiates by
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nmeasured signal-scattering angle-is stochastic, with
mean equal to zero and standard devi ati on defi ned by

w0 b@spewsperti es of the penetrated material . SeRGRUS2007/082753
cosm c-ray muons do not come from defined discrete

.directions ar angles, but rather have a broad ,
obtaitig; pirSGIRT NG PSR AR Ba9Talnis S84 chissgonding to
track POsRROASNIcAeR g ah@es RIS FRRd hbRRhtdm dTURrged particles

trajectories are not straight; it Is the bendi ng that

passiagatiiresglusan colfjeetd voluene,oaghindmsded on pfocaesst stepglP1. The

s A Sl o B L
from SRTBEBKIBRPFRE! | SPné@artEe d blobsbiny %igtrit{u%ﬁ%ér EEQGBPY of a

steps 102 to 104 w now be descri bed according to

pluralityeofeatrrgedeparticleswhassing terodgh aobjecicvalnine regregented by a
t hi c. dat bt ai ned., f the. d tor.of Fl 1
spatigiZHRIPTG ALBRSaPaNes HETehr UG RFLRcing) i BisHsecrhiesed
ona ﬁfuﬁﬁﬁé%ta@?sti@él%}ébﬂéﬂ hiietsdd maicRfed bR blddess step 102. A

S
distribution of scattering of a nuon passing through
maxiradmo bkelthoodoestiraates 0h e opigat i ysllwmet saatteringadensity profile is

then SERSTAA LTSS 8o, RIS Firalrisiboraber B eet ndBRied in
proceds $tBfi 18, e HeNrdtoneREted! RREMELScdtitrPidddedsis. plofie is then

e
process has four main conmponents. First the ~ .
outpusrfemeecisionymakisgr (ppeeassrstep 8)f okheadeciaignemaking prasess is

optoff BcPEFUL L0ARREASE T RuRIF e nilspRe RERRF Ay oo
occu%ig% thé Wol e i s MicNe@ dn tRoddds( BiePCe85. StHP déditlon making

I n process step 112, a non-honbgeneous obj ect _
procegs| eed i s iBx@vesdedansi injerpseietionagifs aunichagms reprgsenting

recorsffiefisy BERal, Yo ! Vb otumBTad L "Budopisy doision

makirRX By @88ridnaFalgafilims t he probability distribution
expression is extended to finite precision of nuon

scattering and nonentum neasurenents (process step

[0067],>) The Hhahels ot “aibifiled Seldhe fitd b &imegs aow

discrétedeimoyraghicwdcbnétrtictionbef des Goiures ofi interestf & BBCSerfdrmed
baseé?&t Etﬁélndnagtal grof\t(iqialdn%lyerr:a%){/eghgrfg;egoggr i%lne%(.)uﬁfn qﬁétgwcg ! of the
iterative expectation maximization (EM) algorithm is used to find maximum
likelihood estimates of density profiles of objects. The method and systems of
the embodiments allow a user to identify the presence and/or type of object
occupying the volume of interest from the reconstructed volume density profile.
Various applications include cosmic ray muon tomography for various homeland
security inspection applications in which vehicles or cargo can be scanned by a
muon tracker. The resulting muon tomographic data can be used to reconstruct
and display density profiles of the vehicles or cargo using the method and
automated systems of the illustrative embodiments to allow identification of any

threat objects.
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honbgenous material.[0072] A cosmic ray nuon passing
t hrough material experiences nmultiple Coul onb
waeasuessng as illustrated in Fig. 2, which il PUBUSHNTES2753
a two-di nensional projection of scatteri ng and
nent used to .describe nu

[o06e];, o  BRFSE Mg LRG0T i, B5ed T ieical (TRaoRd BrpRslaetions.
i pafle At ET Gric SpEeat FlocHKRAESE RS, Sbubpal idoHBH BifcfEnces

pur poses. The outgol ng nmuon track may aracteri zed
preclumje tise ofcatandercdhgnethgile davelqpedpfmidémtappﬂlaafmns First, the
ion of th

tive to th eorlen atjo osi. e
measiu;g%q?&@ﬂal TIGA erﬂ&)?@ﬂ s@a? B: geag, gauplsig,gero and
stand%?@%ie@fatlﬂh | définad tﬁﬁﬁne( prl-)p@rtiés' 6@%@%&%%&’ PgHteAS!) Second,

and scatterlng ang es of nore than a few egrees are
cosmiceray omoosmiim noTicent fomi defined digcreteedicecitonal orogngles, but

atterin an Q. as, a zer
ratheg ik Fupross Sty e ek R Bpifire RELShE EG Raping
nearl?rto k9 BBFizbrR Ii'lﬁaﬂWQﬁué‘n GRistoREs arRoMbtPaighefit i5Be bending
di stribution may be expressed approximately in terns
that esfabies s tafing top cowgheocakian of wegtmgihecattermgeobject The EM

algor reflgg‘fq% %'dr C((?:rﬁhhtyqtlgﬁg@f eﬁ‘ rﬁﬁ}qﬁs' onﬁpatlon to complex

geomteEAn BE il R%rat&yi ewed in S. Eidelman et al., "Review
of particle physics," Phys. Lett., vol. B592, p. 1,

2004, the di sclosure of which is |ncorporated herein

[0065*1y reﬁ%%gggeste%qg?tzﬂcgbgrl m’dﬁ(%)_‘%n‘ptlée f rpé%(%i@%:ggpqvnw%-one
embtAERL HTWHICHVEN Glateid Bosme hhmf tdrh6g rﬁphftrdaﬂa, oBfathed
Lnd is the radiation |ength of the materia cis

from thel detecipr Of FIGQ. 1 eeaspeiag regons pagsing H]fgughttmfevolume.
approximation of b =\ is used. The radiation |ength
decreases as atonmi c nunber and material density

[0070]NCT €A% prdéess tabpiovitling NAET Bstimawen prdtadiity distbution of
and define the scattering density of a material with

scattering ef @ SHUATEPRRISING Hhoug) B0 7jeathiolwpatusig agnutplsiststistical

scatiaring foc (HRREEsisk 1o SRS S pRBRIARS outined i

the fleRSsHaRgott PIRUEA 2 Wai ihdicated in process steps 110 through 113, the
process has four main components. First the probability distribution in 2D for a
single muon based on a predefined scattering density of a homogenous object is
estimated (process step 110). Then the 2D distribution is extended to 3D
(process step 111). Next, in process step 112, a non-homogeneous object
volume is expressed using voxel basis functions and the probability distribution
for scattering of multiple muons given voxelized scattering density is expressed.
Finally, the probability distribution expression is extended to finite precision of

muon scattering and momentum measurements (process step 113).

[0071] Process steps 110 through 113 are implemented using a multiple
scattering statistical model which will first be described with reference to
scattering in a single layer of homogeneous material and then in a non

homogenous material.

19



depth of that material. Values of the scattering
density in mlliradian 2 per centineter for sone
woriosniehes are about 3 for alum num 14 for i rpel/Usawd7/082753

78 for uranium for exanple. So, the variance of

scattering of a muon with nomentum p passing through a

material with scattering density | and depth His Let

o s Al ( e hSiti
1007210, o e e Rty ouGoTRAaR "ERERENCES btiple
Coulamlgeﬂdaétenngc&st lestratpdaing Fég. a21dwl:1ichpilllasteateata pworditensional

projegbet £B; SR eEah 1o facaeRl Paptdo, BrefrBe muitile Coulomd
Scattweﬂ @Ris D¥nd hetheki s thd hﬁa@r‘ﬁ?d‘b% g §deﬂterlﬁg 'Qreatly

ribution of scatterl ng angl e”and di spl aceneit may
exag@eratdthrfact diustrativeaspjipoaes.y Keeusautgaing wnuodn ztraokrmrmy be

charag;ggrggpqpy&ﬁgingag@rigg aAr(%AI‘Xoér}dE&ili%ql%%_'m/gﬁ%gggce rT%t'[i&iexto the
orlent%‘ﬁon (ant PosiliéP 6PIndR¢idest HREH. ‘*yER:a‘I BEatteHRPAhAEs are a few
obtai ning the probability distri'bution of scat ering

tens pihmitivafi@nsa(1sinliiadianuen0. §6aie|g@e¢s)g apgseatierng aoglesiaf)more
than %W glegr%es arenvery uncommon. The distribution of the central 98% of

scattering angles may be approximated as a zero-mean Gaussian.

fro(86) = J—G @q{ Mj Eq. (1)

20,

though the actual distribution has heavier or larger tails than a Gaussian. The
width of the distribution may be expressed approximately in terms of material
properties. Many researchers have presented empirically developed expressions
for scattering as a function of various material properties, as reviewed in S.
Eidelman et al., “Review of particle physics,” Phys. Lett., vol. B592, p. 1, 2004,
the disclosure of which is incorporated herein by reference. A particularly simple
form is

15MeV | H
ﬂcp Lrad

1

Ea. (2)

Oy

Here, p is the particle momentum in MeV/c, H is the depth of the material, and

L ., is the radiation length of the material, gc is velocity (c is the speed of light),
and i the approximation of =1 is used. The radiation length decreases as

atomic number and material density increase. We establish a nominal muon

momentum, p,, and define the scattering density of a material with radiation

length L , as

20



enbodi nent can be described as outlined in the flow
chart of FIG 15B. As indicated in process step 150,
w0 b@saeEsd eri ng density of a material is defi neCI/HS200T1€82753
expected nmean square scattering of p0O = 3 GeV/c nuons
through a unit depth of that material per Eq. (3).
Then a Gaussi an ap xi mattbgn i s nmade for RMVB
scattering, as indf%étdiﬁ .0 |pfocess step 15 1, E@q@) (
1, 5 6). Finally, a ray“$§’/scé4ttering and
di spl acenent distribution is approxi mated by a zero
mean correl ated 2D Gaussi an distribution, as indicated
in process step 152, summarized via Egs. ( 10, 11)
[0073]0076Thd rchtiersy diemsitgi dnsof acabterial nigus $epresents the mean
characterized by considering a y coordinate orthogonal
squarepscatterigg ngte @%/m[ugng Mt ReMing| AryneriupyRagsiag Aypugh a unit
ISP nt d ] ect, it ot he. X2
deptf latPhRTGIERT el M e scalBhhGClomly, i MifrdBich” per
centifiedrriobgba® heesridls ded mdoueB fal pluminandemefarprentand 78 for
.above is based on a coordinate systemwhich is
uranigm, é‘?ﬂ@éﬁrﬁplﬁh@@@ﬁ%? VeHaneR Off SEalEefinthobe MHEN Wil mamentum

. . | - f _ .
» eoBUE Dt SRS ST L AP

pl ane orthogonal to the ingident nuon path. In Fig. 3,
which illustrates pasanmgyger® psed to adj ust g (4)or
3-D scattering, a rmuoh ingjgenht at a projected angl'e

Let Of ax O fromvertical is illustrated. [0077] In order

to assist in understanding of this 3D scattehng, it is

useful to imagine thepasgpesdted projected angleg. ¢y) O

in an orthogonal y coordinate directed out of the

page. The straight |ine extension of the nmuon path

through the layer to the prpj ected (un-scattereg) (p)

point (cp,yp) (i.e., the 3D path length) is is L =H |

| +tan2 gx O+tan2 qy 0 HLxy . Eq. ( 12)Define the

out goi ng nuon x position and angle as ( 1 1) , then

et T = Ly . he: u ;
100745 PIE SRRSEIPY' e doruieelC g sElcting prgie, 0.
Takemusdgether, scattering angle and displacement provide information

SO

suggesting the position of local scattering contributors in a large volume, as
suggested by the “kinks” in the paths in Fig. 1. The distribution of scattering angle

and displacement may be characterized as jointly Gaussian , with zero mean

and
H
O-Ax:ﬁo-AH’ Eq (7)
NE)
Pronx 5 Eq. (8)
We may express the covariance matrix as
o, O H H2
T=| A A=) 5 p. Eq. (9)
Oyone  O2 H°/2 H’/3
Let
H H2
A= , Eq. (10
Lﬂ/z HS/J 4 (19)
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rotate this neasurenent into the plane orthogonal to
the ray path and adjust for the 3-D path | ength.
wDeGoBNes6h spl acenent as cos( D x +gxx,0 ) A = ¥CHUB2007/082753
p) COQ,q) Lycos(/ DAr x\ Eq. (14) ) where the
mddle two terns account for 3-D path |length and the
final termprojects the neasurenent to the proper
orientation. Finally, e bne the covariance
wei ghtings as L L Ii P glé‘f ( 15) L111 z 73 908 1t
is then necessary to proceed in a simlar fashion for
he ; r' [
[0074)° S98Yh5 LA AB g SRIBARIBBtAIARE thd prbbddily HeiiBSton of

scatteriraf ine2D fgr. a Sigle eilionGscattasing e(perdessastep Imd)?accordlng to one
i ndependently in twy orthogonal, horizonta

embadipeal ranele oﬁcgb%m& }‘PUHkﬁ‘legt nothe \ﬂ@Wdé;O@'Ito?f FHa 19B. As
noicR BB ¥PBnt e o e SR Erel i el g oo

the ekpbeted Méanusquaretscaitedhgtdre pyoded Gev/eanudné ahrough a unit
'smal | " scattering angl es and di spl acenents.

deptrSef:ttraﬂ-matéael ber Eg. |(:ghoﬂ'bdnmGaUes@erapmbxmatrmh ishmade for
may becone

RMS SSafedns s Takme] &M%%?%sfa?{m? Sers éz;&'rﬁ@'y 2 ray's
seatt Qi i SO BB e ISRl b P ERAT PR Ty (& 45 Feen

correlatedr ADngGaossiare didhdulitivent as Fiimditated yin c pooclssatstep s 152,

SO

added an ee di mensional path length is defined
Sumr@?ﬂ@@e‘éé%ﬁs ?Jﬂiéd) Eq. ( 12)). Next, in process step

161 ,
[0076] In three dimensions, scattering is characterized by considering a y

coordinate orthogonal to x, and refer to scattering angles Af, and A¢, , and

displacements Ax and Ay . Deflections into the x and y planes are independent
and identically distributed (see Eidelman et al). The development above is based
on a coordinate system which is oriented orthogonal to the direction of the
incident muon. In a 3-D model we must account for 3-D path length and project
displacement measurements to a plane orthogonal to the incident muon path. In
Fig. 3, which illustrates parameters used to adjust model for 3-D scattering, a

muon incident at a projected angle of ¢, , from vertical is illustrated.

[0077] In order to assist in understanding of this 3D-scattering, it is useful to

imagine the associated projected angle 6,, in an orthogonal y coordinate

directed out of the page. The straight line extension of the muon path through the

layer to the projected (un-scattered) point (x,,y,) (i.e., the 3-D path length) is

L=Hfl+tan’ 6 ,+tan’ 6, , = Eq. (12)
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di spl acenent is conputed per Egs. ( 13-14). Finally,
per Eq. ( 15), the 3D covariance matrix i s expressed

W@ prosaesssd st ep 162). [ 0080] For a non- honbgenePCBUS2007/082753
vol une of material, the density profile is represented

f ur poses of reconstruc f a |linear
Defing Jfig OHIAA o Msons X HAsHANSan ﬁes easUi g, hertlef' Wooy

coefficients vi, vV VN, i, I (X,Y, 2) =y f

(x,y,2). Eq. ( 16) JAéfhoﬁgtT@mny choi ces exi sE% &3k he

The rhéadusrell U efigpatem@mrwailé Betdopiputed @sh ecLed hermutine must
rectangul ar 3-D voxels. | is used to denote %he

rotatec @R Fedis@riment ihftethe 1asé ortho§ehalas thé r& pathtehd adjust for
scatteri ng‘r density in the f voxel. Considering Fig. 4,

the 3ilhpath leagey. sDetne d@i@lﬂ@)ﬂecﬂ’f@sshom with a ray passing

t hr ough the stack, deliveri ng ohser i nformati on Aq
and Ax . "Haddgnr'_soabier hn ﬁ%g‘;m_ﬁm_acementg (4
voer are dengrtqed A(% ( do)A% , coapect i vel v. Agge]u nAh)e

t %éﬂ@% W@@eQWO%%E %rchGnt' for SXD G AriRfh 'aﬂdttHS flnalhterm

figure. may rel ate observed to hidden data throug

prOJectlsethexmea&semasttbthe[p)reperarlettbatbn Eq. ( 17) Dx = x1+
L2 tan(D61) + Dx2 + L3tan(Agi +AQ)+Ax3 x1+Ax2 +Ax
+T1A 1+T2A 2. Eq. ( 18) Here, we rely on the

Fmall?s%déﬁhe‘tlﬁ‘e%vé"r@tde weig hﬁn?é?ééte” ng in the second
equation, and define he 3-D ray path length from

the exit point of the vaoxgzl/zko the exit point from

the reconstruction general ly, foFGal(t
passi ng through a set , D, Eq. ( 19)
DX= (DX +7; D,). Eq. (20) Fi naIIy, we may express the

007" AR50t FRSCRZE: i Rl aSBLASBERR ol
and displacement and Eq. (11) defines the covariance matrix for both and
coordinate scattering. Scattering measurements are made independently in two
orthogonal, horizontal coordinates. To simplify notation, we develop the analysis
for only one coordinate. Combining the information from the two coordinates will
be discussed later. We must note that the model is valid for “small” scattering
angles and displacements. Second-order terms ignored in the derivation of the

model may become significant for large angle scattering.

[0079] Having regard to the foregoing, a statistical model extended to 3D is
obtained (process step 111) as outlined in the flow chart of FIG. 15C according to
one embodiment. First, a ycoordinate is added and a three dimensional path
length is defined (process step 160, Eq. (12)). Next, in process step 161, 3D
displacement is computed per Egs. (13-14). Finally, per Eq. (15), the 3D

covariance matrix is expressed (process step 162).

[0080] For a non-homogeneous volume of material, the density profile is

represented for purposes of reconstruction in terms of a linear combination of 3-D

basis functions {qﬁl,...,qﬁj,;f}N} with coefficients {vl,...,vj,vN}, ie.,
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E( - (21) where and Ly is the path |length of the ray
through the j th voxel, defined to be zero for voxels
Wma08/141560' by t he ray. Conbining Eqgs. (19)-(220CT/WB200EY82753

witer . Eq. (23) Here Nis the total nunber of

voxel s and we define th i ght matrixbased on a

si mpl e but | engt K{x-¢ed) cﬁfﬁ‘ﬁ?’xﬁﬁ%é} t he el ements. (16)

[ 0081] Sone assunption about the unknown rmuon path is
made in order to estimate ray path Iengths through

Thou%ﬁﬁﬁé@oﬁﬁﬁ'@%r. %gfé Otth e@aps(l) f@c%n%p 5(t{té]:ﬂ gaégrﬁe%'téhshere
to reétgﬁ&ﬁ)ar DI RHRME. NG ANdsd g UMdd ﬁﬁé%%effﬁ:%t dfocﬁe)]”“‘ basis
Theh, entry to POCA to exit points are connected to

functlgﬁt' gg:tgevgéc%ﬂe ik 5@5‘?@9@5?@ WO@%)L?I tb'z%ls rlngelf-'fgln [hree

Iayeré r(Sr %ﬁélﬁz QR Eh Wi, %Tﬂwan}é%ﬂéasé/ﬁ?%fdd@ht E%P(%tg\éﬂ idBpAeting

he data given the densi’t
obsenv)ed\npfv(rma\tlbm &4. amw: Nﬂrddeh saattefm and dgigpacementin the
. 11 2 exp - é [0083] Having regard to the
7" Vesekeget rfbenoée‘fbréﬁab@fp t%’%du '&SP?BWG?'bnAQQW sbgt magniyde of
and di spl acenent. of multiple nmuons through a non
scattgr#ieh ePrRgIGHAICEr Nalnechigiee VWb M é%lat(ep%%%%@ 4@ dydaerpyata

throu@ﬁ?t?é Qk&%Sangne embodi nent as outlined in FIG

AG=A0 +A6,+AG,, Eq. (17)
Ax = Ax, + L, tan(AG)) + Ax, +
L, tan(AG, + AG,) + Ax,
=~ Ax, +Ax, + Ax, + TAG, + T,AG,. Eqg. (18)

Here, we rely on the assumption of small angle scattering in the second equation,

th

and define 7, as the 3-D ray path length from the exit point of the ;* voxel to the

exit point from the reconstruction volume. More generally, for a ray passing

through a set of voxels X,
AG=) A6, Eq. (19)
jex
Ax=Y"[Ax,+TA0, . Eg. (20)
jex
Finally, we may express the covariance of aggregate scattering / displacement

th

for the i” ray by first noting that, for the j* voxel
S, =Adp, Eq. (21)
where
4= b A2 Eq. (22
7SR L3 a-(22)

and L, is the path length of the i ray through the ;" voxel, defined to be zero

for voxels not “hit” by the ray. Combining Eqgs. (19)—(22), we may write
2, = prz,i Z ﬂ’jVVij‘ Eq. (23)

J<N

Here N is the total number of voxels and we define the weight matrix
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15D. First a 3D grid of voxels (or other basis
functions) is established (process step 170). Then in
woe@sassestep 17 1 the covahance matri x for scBCT/E81007082753

/ displacenent for each nuon is conputed, per Egs.

(23, 24). Finally the overall probability distribution

for all nuons,, giversray pa 1$thdd voxel scatt%; é‘%

densities is %Vo pi/edr ery/quzT(z@-z 7), sho é

process step 172. {0084] Having’ deséribed the mul tiple

scattering statistical npdel, reference wll now be
basegrgfe $iBRMK PEhleNgHY ealcylatondapiher emenber i ment al

effects (processstep 113). Real nuon detectors exhibit

finite position resolution. The incom ng and out goi ng
[0081Juon Soraeksssanptiohadaslt ehe mdnbwnanubre?paanth megletinmrder to

derived fromtrack fits to nultiple positio

estimaie &) BAthiesgthetsavehwarelsy R@if%r ripg e fie oéa@&t gPRrextrpgtion
I
vesi St EopYARE g PERa T AR B TRERIE AT Fing an
outgati titagken(x0f v ) gThem, detrgdd PoCA tohexinpbiits zed doynBded to
error ep .For a particular arrangenent of detectors,
estimalevexel pathmengths. &g &E = g&x Eq. (28) &q&x Ax may be
defi ned based on how the error propagates. Such error
is relatively easy to deal with in iterative

[008Z1ECONBhENE ehile TRE BRUSvedig, Our case, we may account

or error by supplenentlng t he covarlance
matrix of Eq. (23) , = +/[A Eg. (29) [0085] In this
way, noise is reduced ®, ul d ot herwi se appFsaf29)n

reconstructi ons due to de %‘ or error. A nore accurate
and letofetiedate allaifdoé oneamurementsoiobrd &c couorts. #de waibgrtrg um
ency, Si nczhedae source of tracking error is

. .dep
“kel'@@gtq{}é ‘?ﬁ’@tq 8IvVeR EBBDOPOEén8®I ves, and scattering
decreases as parti creases. |If
esti mat e of i ndi vfg@gﬂgonm@g]%ﬂt um P is @21 (26)
withf§§@r able, then the error Ymat ri x E(P) could be

ted for each ray. As is evident fromEqg. (2),
the width of nmultiple €o g qcatterl ng depends on
ng

t he particl eP(rﬂ;hféh:Fgm—Eﬂ—f entDRoR | monent ukd. §27)
accounted for by intFoduci T

[0083] Having regard to the foregoing, a probability distribution for scattering
and displacement of multiple muons through a non homogenous material can be
obtained (process step 112) according to one embodiment as outlined in FIG.
15D. First a 3D grid of voxels (or other basis functions) is established (process
step 170). Then in process step 171 the covariance matrix for scattering /
displacement for each muon is computed, per Egs. (23, 24). Finally the overall
probability distribution for all muons, given ray paths and voxel scattering

densities is computed, per Egs. (25-27), shown as process step 172.

[0084] Having described the multiple scattering statistical model, reference

will now be made to extensions of the model for experimental effects (process
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the factor pr 2 in Eq. (5). In practice, the nuon

nmomentum i s not known precisely but an estimte of the
wWOoreiwen#0sn of an i ndi vi dual nmuon may be esti mat ROI/US9AT/082753

nmeasurenents of scattering in a known scatterer such

step 133liniredl RO BSTRaIS-OHUSE TLS FoRliengespboRo hedBRoming
and mg? MREPIradiiear®eridrsieti-&& bl Rtk Lsid pBSifoRs ﬁbh@ed from

vol une density can be determ ned using the
track diks b traul tipde peaikioni measweaneEng® rveasureprent esrors theys p@pagate

o w88, 88l oPac BHAE | AR BIPESREHIE o

dataselfor HOBR/t8ABgralHya The: SrecisidifoPBVerpdeRict iBlcharacterized
t hehi dden data. I n our application, the observed data

by RNdS=er{dd ¢, .kor & pittjcuias artemgensanirod detedonse thengrrormmatrix
hidden data H=Hy : | i M&Il | Nis the
scattering angle and di gpl aggnent of the t nuon by the
f voxel. I'n A  Denpdier,” N. Laird, and D. Rubibd (28)
"Maxi mum | i kel i hood frdmmi nconpl ete data via the EM
algorithm" J. Roy. Statist. Soc. B, vol. 39, pp. 1-78,
1977, t di scl osure of which is ingorporated herein
may 5 66 tines Brased S TN GireridirnroBegtiesr BHERENAr ForR Gy easy
to dehiNGitd # kerating r?é@ﬁs'th@fidn MEsEAL M obk Base Hidridyesdddubt for
H\ . Eq . (30) [0087] This function Is the eXpected
detecla ereordfy suneplemgnting &ie boatiaviceoatnixtdiemf2&r ved and
unobserved data, given the_parameter vector | wth
respect to the conrdith owal2dsrk bution of H &q\fé%g)and
t he paraneter vector |{n) /s¥ Each iteration of the
al gorithmconsists of the followng two steps. E step:

stinat e .or ar riz I , . :

o083z, TR G vEVE: ARG Sonelhead gl dhalici e, agpear i
recon¥ictibre dubeoadstetioeyrdr UACHops aQcimalte model or esfEtdresrror
value with respect to the distribution characterized .
shouldrpgogentfasiragmentum dependency, since one source of tracking error is
scattering in the detectors themselves, and scattering decreases as particle

momentum increases. If an estimate of individual muon momentum, p,, is
available, then the error matrix E,(p,) could be estimated for each ray. As is

evident from Eq. (2), the width of multiple Coulomb scattering depends on the
particle momentum. Different muon momentum is accounted for by introducing
the factor p’ in Eq. (5). In practice, the muon momentum is not known precisely
but an estimate of the momentum of an individual muon may be estimated from
measurements of scattering in a known scatterer such as the known spectrum of

cosmic-ray muons. Here, it is assumed that we have a good estimate of fyf,l. for

each muon.

[0086] The maximum likelihood estimate of the object volume density can be
determined using the expectation maximization algorithm (process step 103 of
method 100). The EM algorithm relies on expressing the likelihood of the

‘“incomplete” data in terms of the “complete” data, i.e., the observed data plus the

26



In our case, since the hidden data determ nes the
observed data uniquely, by using the sinpler auxiliary
wo evvstiasn Q1,1 (n) ) =EH IIn [log(P(H m))] EqepC1/B32007/082753
vve obtain the sane sequence of estimates that one
uld obtain by usin % . FromtheaBararrete
h’ddeé'sﬁiaF?at@ oMy rgppllcavpn,t obsarved data aPgardt hri <M} is the
produces the new estimte, | (n+l) , by I (n+i) =ar
measweed (<gdttericg) The tHddert 3data00E8] | M¢: Istiat M &y <npLiMig is the
that the probability distribution for scattering of a

scattériritplapgra@ndt Brsplbenterfii 6Ok Vz@XﬂiudrpHyOttﬁa ’h"ﬂllo)(ef rigm A,
the statistical nodel for a single |ayer. Al exp
Dempstét, IN. Laid, Bad D3Rubi2p “Mawineura likekhdgd ?kprrplncélmplete data via

et uncondj ti )
ine EBF SldF i FRes aliste Sy Nob ISR e, 1872, the disclosure
i
o wrkHEARRPRIA S v iin 43ELAEH00, B BUSL Tt s o
the fotloathg-duxifiaryHengtiombabi | ity of each el enment. Therefore,
the log likelihood may be witten + C, Egq. (34) where
C represents terns not containing | . Taking the

condi ti onal expectati we |t t i O a
Q1) =Cr QI ;1;( 9 E(:‘{EVI\HITD(%@ 0%?5%9 rﬂﬁLurr;Ergn
Q(1J;1;()) ==M log |J Eq. (36) Herel\/}lsthe

nunber of rays for which L} O (i.e., the nunber of

[ooagays m&thH&dm% {hev @%@é&ted anfueS of %héi%g[: mﬁém{d&ﬁ@ﬂ both the

etting the derivative with respect to
obsetvedzandounatservedidata, given the parameter vector /1 W|th respect to the

conditional distribution of A given and the parameter vector A" . Each iteration
of the algorithm consists of the following two steps.
E step: Estimate or characterize P(H | D,A"), the conditional distribution of the

hidden data.

M step: Maximize the auxiliary function Q which is an expected value with

respect to the distribution characterized in the E step.

In our case, since the hidden data determines the observed data uniquely, by

using the simpler auxiliary function

O(LA")=E, . [log(P(H | 1))] Eqg. (31)

we obtain the same sequence of estimates {/1(”)} that one would obtain by

n=1

using @, - From the parameter estimate, 1, an iteration of the algorithm

produces the new estimate, A", by

AU = arg max , (Q(4;4™)). Eq. (32)

27



the followng iterative formula for maxi m zing the
auxiliary function (Mstep) The quadratic formof Sy
wQ@easassees positivity of [{n+) . It remains tRCT/US2007/082753
cal cul ate the conditional expectations Sy . Let X
enote the random variapl e J . JIh xpect ed yal.ue
toose]s " e 56 B ot HhetiherproRab Lo iR thiioR or SeAtigrng of a
ingle 06 thrd le (321 1416WE STHPRNFork tAE StathiIcHPROIRN
Sing covarni arqc%gho? Sﬁxq‘;,er espectlsvel )I/ p%i nce D %epenlgs "8
single layearly on Hy they are jointly Gaussi an. The
conditional distribution of HJ given Dis also
Gaussian, a result frommultivariate distribution
theory. Using this thepry and the factythat Hy and D
each have zB(H, Mdan—we—f+agp melimlﬂjb SD i DEg. E383)
(40) x =H - TnH i n#FIZEq. (412 Here SD, the
covariance of the observed data, is given by Eq. (29),
and tthe. goyagri anc : | d Honditi
may @gbpgxp?;e_sgféq\égw ggEg?ﬂe 1mf @'Rg?né%(ﬁeaﬁhﬁm tl Hgltlonal
. C ' f d- :hi ta, Lo
T e
voxelepthe probabdity af ithe aggredatey sehatf hiidenAgdatduis=Mep2rod@ct of the

oon LRl A S S - ™
Tr(BA) in the last step. Finally, ;2 i hcorporate both
x and vy C?o%r(gtﬁ%ﬁsgtze{'ﬂ%ﬁ?at% wveHz_sj)npl y use the

2
average JEN IL;#0 24,p

JEr

+C, Eq. (34)

where C represents terms not containing 1. Taking the conditional expectation

we write the Q function as

O(2A")=C+ 3 0,(2: 4" Eq. (35)
J<N
with summands
n 1 n
Qj(/lj;/lj(. )):—Mj log 4, —__LZOS; - Eg. (36)
il Z-j;&

Here M is the number of rays for which L, =0 (i.e., the number of rays hitting
the ;" voxel), and S\ is defined

(n) _ -2 -1
S\ =E, | piH A H, . Eq. (37)

[0089] Setting the derivative with respect to 4, of Eq. (36) to zero, we find

the following iterative formula for maximizing the auxiliary function (M-step)

n+ l n
ﬂ]( D :WLZ:O S; ). Eq (38)
it Z-j;&
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c(") : (") (") _vy, ¢c Eq. (44) in the update Eq. (38)
[0090] t is noted that Eq. (38) represents a nean over
WO 2008/1¥1564 i ng a voxel. Use of this equation w PCT/BD82007/082753
ternmed the nmean nethod hereafter. It will be
shownbel ow that an alternative formof this update
The QAFRIGIRMOfus e guRranteecReritivily ¥ofse -duemaing palgplate the
nmuon data. The nedi an net hod of the al gorithm
condifiepalneypesfations ai;t dr@td Xupdriaie dhgatansem vay 'ab|erre’ﬂj dp- Ahe
O( ), Eq. (45) [0091] Havi ng regard to the foregoing,
expectrd vphmcefs@earuadaatrqﬁozmng Ui'Keli$ hood of esti mated
density profiles of object volune using an expectation
maxi m zation al gorithm (process step 103 of net hod
100) is outli Rl 5 riyndj cated in
step 180, nea )?eme)rg Ly &sg’é jfo‘zlfflAnélXand rmrrerl#{r
whergat hened f are tlm:rhnermcamd/ covatiahce bf (CAgrespegtively Ainpe 121.)
. The geonetry of interaction of each nuon with each
depends hegrly-orl H othey 4re,jaintly Gaissin. veedndificoatdistrétugion of
18 1) . For each muon voxel pair, the weight matrix: W
H,; gikéni B, eoalpotGalissEm@ regult fdd) nmutihvariess distréqutib82heorine
scatteri ng density in each voxel is initialized with a
Usingithéstheory anditite (qut testsy, sineip D1 83ch hale zet@pang we find
criteriais indicted in’ process step 184 as foll ows.
For each nmuon, S is conputed using Egq. (29) and the
i nverse taken, for each nuon voxel pair, the
condi ti onal expect ationZheriw?, Sy , are con‘putEéld(‘b%)r ng

Egqs. (43, 44), ewdl s ted u3| ng Eq. %{OO
(45), and 1] d = Junév T Dggtl “all voxels, 8%
In order further toillustrate nethod 100, reference

will now be nmade to a nunerical exanple. A setup
Here g} mi thgrcav@rieneg of swabserved glata, iggives; by Fat @9) and Ty the

covariance of the hidden data element, may be expressed via Eqg. (21). Rather

than writing the covariance of observed- hidden data, X explicitly, we can

DZ-HZ-]- ’
perform a simple (though lengthy) matrix calculation to show that

EDZ-HZ-]-AZ;'IE;-HZ] :W;[ P ] Eq. (42)

rl ]

Substituting results from Egs. (39)—(42) into Eq. (37), we find that

St = pjTr[A;zH__ TR e J+ piDIS ) W, D, (p2 A"

riq ri’vj

= 22" +(D/E, W, E, D, ~Tr(Z, W, A
i HEL)) o3 A7) Eq. (43)
where we have used Tr(A4B) =Tr(BA) in the last step.
Finally, to incorporate both x and y coordinate scattering data, we simply use the
average

S(ﬂ) S(ﬂ)
S = Eq. (44)

in the update Eq. (38)

[0090] t is noted that Eq. (38) represents a mean over rays hitting a voxel.

Use of this equation will be termed the mean method hereafter. It will be shown
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As a first validation test, a sinple sinmulation
designed to closely match the nultiple statistical
waewsterssing nodel was used. Single detector plBeEES2007/082753
(rather than the 3 shown in the figure) were sized 2x2
., and the vertical separation hetween p_and . .
be'o‘”bnﬁlattcﬂ‘ﬂ dlaroetvr §°r{7VaQ‘L {115 Upplatenequatipey 'édﬁ?&@ 'Bé?ﬁg%gﬁg yroise
due AU BPOTHE! ABBIANARE StheHIgoTRN I E&HiBaBY the
spectrum was used, wth nuons of nmomenta uniformy
alteredi ypdadte egedtibm:om 500- 10 000 MeV/c. Particles entered
the volune at the ugﬁﬁr detector plane at projected
angl es uni form y;(spannjppgiahr onfgentical . [ 0093Eq)
nul tiple scatteri'ng ahd di spl’acéneént were simui ate
according to process steps 110 through 113 Objects
were placed in the central |. C

| xI. | .1 nB portion.
[009s  HdaviBg URgarsta, ihe,areg@ing; WXQZP'&C?S? qjmagmﬁz%gh@ghhood
o s BRI SRl B S 8 ekl £ i

algorithim (proczssastep 208 ofmaethodmQ0)riespéinedviel BIG. WeEe As indicated
, si mul ated. The sinul ati on_assunmed 400 000 ons,
In prc?Q?@ﬁo%ﬁP 89, ieasipRIEN{R OE SCRIeTdI%H AR reemegﬁﬂar%rﬁn@athéred

o oIEHbuetF1.2 T8l SABESH S A0k, 2 Re0BRRbi R o

cacn FESNGHD USSP hesioer b RO e b 28610 For

each RERER VAR B0 i RTINS Ebmbn BPE8 2l GAffpracess

step M8RUNMETHE [dcatiemhd Mdetisity iAngadvokBE i lirigsliZedmwitar a Jqifess
iterations (suffrcient for convergence of the block

A . fPeagensesipp RSYulThe stpipeing ariteri@ . indictedrire pepoesagdep 384 as
the reconstructed values for the 8 voxels

followso Foe sgamhdinngnt @ e & bowfputdte usingeleq. ot R aral doeeing@dseltaken,

14.7, 2.7) for the (W Fe, A) blocks, respectively.

for eddre nucrcvoxe gairs the asdmd(tiomsl eRpegtatidn ttdvendd ¥oxeates computed
meki ng up each cube are ( 12.6% 13.2% 12.1 % . This

usingregall(43Mal),i diat ess tomputeceusihgER|(ZBY ortbqn @6y and 2,,, = 4,,.,,
i mpl ementati on, given a match between simulation and

is setiforvell soxgishodel s. [ 0094] The reconstruction appears
identical to the object scene. The averages of the
reconstructed values for the 8 voxels corresponding to

[00982<N 1B order further to illustrate method 100, reference will now be made
to a numerical example. A setup similar to that shown in Fig. 1 was simulated.
As a first validation test, a simple simulation designed to closely match the
multiple statistical scattering model was used. Single detector planes (rather than
the 3 shown in the figure) were sized 2x2 m?* , and the vertical separation
between top and bottom detectors was 1.1 m. These detectors perfectly recorded
muon positions and angles. A simplified muon spectrum was used, with muons of
momenta uniformly distributed from 500-10 000 MeV/c. Particles entered the
volume at the upper detector plane at projected angles uniformly spanning from

vertical.
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the three objects are (74.0, 14.7, 2.7) for the (W
Fe, Al') blocks, respectively. The fractional spreads
W@ eoos/iesen) of the 8 voxel s maki ng up each cubRCHDS2007/082753
12.6% 13.2% 12.1 9% . This result validates the
j,nversion al gorithm and inplenmentati iven tch .
10093y vdBHOR FHiBlE! a0 A Er SPERe s er€ B9 @reording
to prddé%s%ﬁ@i?s §¢G8ro(gh ’ﬂ% @)b SRtk Priced |hfiﬁe‘é6ﬁh‘5|41|‘1’§2'1‘tl§1 1

Carl o package. tail GEANT4 "can be found in the

m® ppktidn Oﬁth@ﬂol@fne]as/\héua’ﬂzed if (Ei?@tﬂ aheve! Threentex endio cm’
applications,” | EEE Trans. Nucl.Sci., vol. 53, no. 1,

cube%,@f materiates lungsken 2006 ronhEedi aad RIuminusn (AR ovith scattering
densfi8 07 P8I 1LY MRk e Ik e BRANTA\ D! SHERLISA2 The

re coh‘p accura and”’

S|mulmid)rﬁlalis®n$étﬁt4w i009. mvrs, nndigent M lﬂi@k@m@md@tector stack,
refined calculation of the width of the centra

Corremn@ﬁop@bqutoﬁo dhint RE BELEYE: I/N@OLHI $60 14O p{)ﬁhese muons
mlssédgp'l%lmtr %Ie'té’&?roélahgele% ZJ@bpﬁ ’fofar%%ohpﬁu&'i 135504 size

e ener S as asstnroug

of 5xrsa<tselbhﬁl wa/s\ UBERNTOR VEBENHRIREDAT mﬁﬁemeﬁ@ew&@nvéyn%emod
replicated the sea-level angular and nonmentum

descriliest aboia,iassuating psnfect krgwledge ©f the memsertsisufardeadhanuon.
det Ior were .perfect in this, si.mulation, wWth

The giRpfEoR Sader aufich oPlime flod WinS Aot aRtEm ig 100

|terati%|n§Qéuﬁﬂ@n@fortdoﬁ%rg%@%@r&@lﬁé{ bRﬂiktfbﬁhﬁégV\ﬂe%uﬂ@prear in Fig.
i ncl uded Resul ts appear In Fi verages o

9. Tb@)(aerlesag@ qfetaha:t&qombunt@dngaluefs for/ thee VAIX6/‘|Sb¢QJ‘6€P§p0@ﬂéng to

63.4,.5.4 I
each (@ e iR ORighs sen(aFOard 7 8 Bes (WE EET B plocks,
respe%ﬁV@IS/ah’h@ffrédﬁléngﬁ%r‘éﬁdér(ﬂném%)foetﬁé 8 SoRNP A Ahg up each
Normal i zi ng the reconstruction by dividing all voxel

cube \areud2.@p, é@p&%xnﬁai%b yThist @Spk@ldete& ther inyersian erlgeréhm
Z
and ifREFhed BT, o byt FaRfibeikén S atotara de-aRrafids

all msclassification. The cause of this effect is a
smal | _percentage of the nmuons scattering in a manner
[0094]0t wENe rpsoBBirUetiPrL\anntarEsaigestienl t@dkle ohjectcseened The

averaeg, o BBk bFATE 8 ekl ofthaBbncing to each o

the tHred DBjetiis afdEut.0 294 .Bf 2 &) fomthen v, SIP@tAI?bIchs argpestivdhatThe
arelargerelatlvetothe statisti cal el

fractional spreads (rms/mean) of the 8 voxels making up each cube are (12.6%,

13.2%, 12.1%). This result validates the inversion algorithm and implementation,

given a match between simulation and inversion models.

[0095] Next, the same scene was re-simulated using the GEANT4 Monte
Carlo package. Details of GEANT4 can be found in the publication of J. Allison,
“‘Geant4 developments and applications,” IEEE Trans. Nucl.Sci., vol. 53, no. 1,
pp. 270-278, Feb. 2006, the disclosure of which is incorporated herein by
reference. GEANT4 implements a more complete, accurate, and validated model
for multiple scattering. This model includes a more refined calculation of the width
of the central Gaussian portion of the scattering distribution, implementation of

the heavy tails, and the simulation of the energy loss of muons as they pass
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descri bed here, i.e., much | arger than what woul d be

found for a Gaussian distribution. As the square of
w@eaBu&sshg angl es determine the fit, the effeRCT/U8200DEB2753

dramatic. Mion scatterings that fall in these tails

d tt it t t t ha
throuBs TR o 1 R U PE e BT WaRoeise ittt Bt Ricetsg! the
sea- Ié\felaaﬁ@{ﬂﬁr Uridhinflorh BRtUNM Sdi&iBRINbN ch)f Eb8mid r9§/ muons It was

signi ficant detector errors nay be erroneousl
assumed dhatedetastove mere @legfechmmgﬂhﬁ sioatlatén, wgtreperﬁe@ khomdedge of
hese source@ wer e n our SiI nnul.a

each HITQT s HHOThERRoh Casyi el el tts 4 ik SedngBhe pikicles were

not ir@R R R sBIte SbBeXPirets. W‘Otﬂvé#%b%%ﬁ%%lﬁ \)aﬂiésecorrespondlng
scattering density. Such eventS should be elimnated

to (WhEeadbhdlotksyargi (6é4 HalbsSet, (Pos), respectivelycat i ons of SNM
[0098] In order to make the EM algorithmtolerant to
non- Gaussi an data, the nmean update rule Egq. (38) may

[0096]€ I ePhaaGRMkeMivallues ard 4Rich 'toS hlgHSQn@fthbhﬁ‘ns@é’s@ﬂ'batlon of
nmet hod. [ 0099] Results using the medi an nethod are

severshooh the Fneliuml. antbxloWw adersefs rsorappwerrte Nmmallzmg the

recorsefot B GufidBudan b A1) by LSRRk SR ¥ 'dPyce a

correéﬁbﬁ@ra@@@dﬁéﬂ'v@fbeuféﬁ&hé mEdRIM-TVEREES dbBs rfd@%#é&@@é%orrect
he”i nversion algorithm [00100] A nore practical

valuesxfahbm and tlow-4 woxelstarrlinainaigeal mlyclpssflmatw |T§1es@mwe of

i LG 12 t

this diftel i SRelBhEhtabe B8 EhoRsiebfbtiad iS5 Blenger gt wel

descrfWéd)'b COIEP GRRERNWddel. hvhéafermmga%tofamy pRIEEH Sahdular
2 . The red block in the center of the

Fi g.
distributionse’ seatifingepraieigmedstoaba aveloraworimpated | asdGeiiesian oAbout

2% of A%, sBaPe Tl pden Tl &K BrégrERle oI5k stptBtehyocel

descrils8t Hee\di.8l daschflatdir He@Nwhbe wake tesivisohader &f Gaussian
horlzontally oriented nuons. 1 minute of cosmc ra

distribriton. eApdbarsguass ot ispaltenngl analgsraaiemsinedbei finther edest can
a S 5 | zed vax I. er .
pe BB AT SER RS ETET EEthasd RS wHER &R ShRISTE censiy
estimbtegsthal dreatod 1adge.r especti vel y show vi sual i zati ons of
reconstructions

[0097] Moreover, other processes such as decay of a muon within the
instrument of Fig. 1 or significant detector errors may be erroneously recorded as
very large angle scattering events (though these sources were not present in our
simulation). This can happen anywhere in the volume, and tends to generate
single voxels with unreasonably large scattering density. Such events should be

eliminated because they give false-positive indications of SNM.
[0098] In order to make the EM algorithm tolerant to non-Gaussian data, the

mean update rule Eq. (38) may be replaced with Eq. (45), i.e., use of the median

method.

32



made usi ng nean EM net hod and nedi an EM net hod. The
ef fect of non- Gaussian data is quite apparent in nean
woreioRodsseconst ructi on of this scene, nmanif estRCI/HS2007/082753
dar ker spots scattered over the image. In the nedian
tion, these artifacts are.e

; ;
1009gjo,, ReaiiE 1 g fae Megipfoibed of & $B0Ban It dilGr bl Vorel
aver. %thF K\AVZ;*@, wlai rlbgﬁin%)arer(‘?g’zjﬁﬁﬁs 7§ hP%gﬁedc@lK/elyf W|th fractlonal

medi u , the threat object’stands ou
spreadsi g>h (2)1 S%hetus®, 023 2he. neleady, msingdher oediams update rule
. restﬁh t hat te%to be rob st g?r}alnst fal se positives
IMProvgs ?ir‘?%“ PRFH WoRe VRISONAIYEBM eri ng di stri butions
and ot her anomal ous events. [0100] The enbodi nents and
exanpl es set forth herein are presented to best
[0010&]p| a‘knmoma practcaht eXamelat b thearrdcongrynted tdersity profiles is

showf FIG” KRB RGPS @ aiaToh o B Siilian Sl fasenoer
van. AH |Hd“s¢ra%h of NIRNVBYH6r cd\‘nbbné@t@%lﬂ*\ &R Varboéyeut Q\V\/Q?%‘p@)@ars
description and exanpl es have been presented for the

in Figoukdde tfd blockisn rtbe |oenteirm‘ toedliysteationl représEnds B T>hidr<10
variations and nodificati ons t%such as regul ahzat i on of
cm” splid piecsrak lupgsiesn apPIOX¥eN aohighree thyeat eRiect niehis ease we

used Vglrlnphe R é’({t&np r{n%s BES®d%n Sthe fbut wrﬁe?i@% efatﬂ@ dene to

pended ¢
take wedvartagensf amde mxmzfantalyl orisnted mmased n{rﬂﬁéZc}f d¢bsmic ray

description as set forth is not |ntended to
muorb%mﬁﬁ\)’éa%ﬁ'mldia 60 ARd rREORIIBISEORS @ﬁ%th%\%ﬁﬁ using 5x5x5

om’ AN SRS e M esPhlpB B e R BRI i By megion

meth6€ OP®ysPf13 hrdf alil euspeartivbRi BRow! VisLiglizeiohe gl pdcvmstriations
the use of the present i nvention can invol ve

madec@ﬁtﬂﬁln@ﬁﬂ@ e mgthad eademediatarkldt eethad. cEheLeffeds afheon-

Gaus§FRO G &R0 ghBoreiTIhhEA bl EReAR-ddntl Kl soone.

manifediddnast darkedepoid @@é’ttér’@@ bvetetHd @naydain itse Qh@dlﬁﬁdmethod
is: 1. Anethod for detecting an object volune from

reconskigeted thepeiattiactonatyeapiel Jeaeaandithe wenser 6ampeaents of
the vER) ERGiINECLYMEry, 3AVE PRAP AR AP LSS (1B%-2) or (medium-z), while
the threat object stands out darker (high-Z). The use of the median method
produces results that tend to be robust against false positives resulting from non-

Gaussian scattering distributions and other anomalous events.

[0100] The embodiments and examples set forth herein are presented to
best explain the present invention and its practical application and to thereby
enable those skilled in the art to make and utilize the invention. Those skilled in
the art, however, will recognize that the foregoing description and examples have

been presented for the purpose of illustration and example only.

[0101] Other variations and modifications (such as regularization of the

reconstruction process) of the present invention will be apparent to those of skill in
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(a) obtaining predeterm ned charged particle

t onogr aphi ¢ data corresponding to scattering angl es
waewsastssirat ed nomenta of charged particl es paBGI/H§R007/082753

t hr ough an object vol unme; (b) providing the

roba distribuytion of a charged particle . .
the. &8, cAHtE 18y tbyiTioBb & rihnaGRerSEh IR Bal sy vasigtions and
modﬁ&ﬁbﬁ@%e@bggguthnl sai d probability distribution being
based on a statistical nmultiple scattering nodel; (c)
determi ning a substantlally naX|nun1I|keI|hood
stinpte of the object vplune s ensi
101045} 4 "Bhe dBrerlnton Feseip8es Rt PRRIqe) ol GrhaysiveiidS it
the stOpe GitAELIREStich. " REEHE hiohfi@flioRS) Ad v¥ALLBRR are possible in
scattering density based on the substantially maximum
light bf kie¢ isthove teschimgt withaut depertimgt fioah tfe stapendt, the following
: risin ki ng..a ci sion_on at
claim§ 75 DBteniaeieds i (FEcBis o e breiseB r@tod ey Mvoive
comp@Héﬁt%tha\Om LdRer@ABEshrafteRstics, reconstruct ed obj ect
vol une scatterlng density. 3 . The nethod of claim]1,
wherein providing the probability distribution of a
charged particle scattering for use in an expectation
maxi m zation (M./EM algorithm conprises: (g)
obtaining a probability distribution in 2D for a
charged particle basedon a predefined scattering
density of a honobgenous object; (h) obtaining a 3D
probability distribution for said charged particle
based on said 2D probability distribution; (i)
obtaining a probability distribution for scattering of
mul ti ple charged particles through a non-honogenous
obj ect volume characterized via basis functions; and
(j) obtaining a probability distribution for nmultiple
scattering based on said definition thereof and
scattering and nonentum neasurenents of said
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charged particles. 4 . The nethod of claim 3, wherein
obtaining a probability distribution in 2D for a
webasgedeoparti cl e based on a predefined scatt ePCTES2007/082753
density of an honbgenous object conprises (k)
determining the scattering density of a material as
t he expected nean square scattering of said charged
particles through a uni g ogpigh of said material; (I)
approxi mating the charged particle scattering
di stri bution based on a Gaussi an nodel ; and (m
affpewenmibbediments obthgedveatidn iol wehichaanseatusive png)penmj or right is
di spl acenent based on a correl ated 2D Gaussi a
claimgd sqnej geiinesh assfollowge Higvid s Epgenines t%é?\@rwo” what is
da”ngﬁt@lnlng a 3D probability distribution for said
arged particle based on said 2D probability
di stribution conprises: addlng a coordi nate and

defi ni hreedmsn onal, pat h | engt co ti a ..
3B et o CeteRBGa AN roHiEEh ERy o cBoraed  Rarticle
f t
tomogrragggﬁ?t%mgﬂee fro‘kl‘)TlsJ ?rﬂé“béjlggfr’“!@gﬁite{‘ AR rﬂbﬂ*d&gccﬁnpn?mg

'ty distribution ering
charged particles through a non-honbgenous obJect

une characterized via basis functiaon
L Gbr Salieg a@@%ﬂpﬁa'n&%s Saroa0or  paglde f iomppmRbic data
corre§ SRS ng%'sﬁgtt bi pfes% b?ﬁr‘gl foc BidPhdta ARG &S particles

deterntning t tering acement covarTtance
passingttinioxghan eb;ebt voiuinne;dual muon as a function of the
ray path and scattering density estinmates; and

dfé)eéﬂis\/f& tﬁaep ﬁ%@)ﬁﬁy HFS%’rF]t‘éUt%W Jb Fh%@e{d%ﬁar@gﬂ%h%&{aﬁehhéﬁ for

ar ge
use ¢rlnaege<bxpectatlohe npaxitvadationt |(MSL/EI¥/I). algerithet, hedidof probability
claim1l1l, wherein determ ning a substanti all maxi mum

distribution being based on a statistical multiple scattering model;

(c) determining a substantially maximum likelihood estimate of the object
volume scattering density using said expectation maximization (ML/EM)

algorithm; and

(d) outputting a reconstructed object volume scattering density based on

the substantially maximum likelihood estimate.

2. The method of claim 1, comprising:
making a decision on at least one of (1) a presence and (2) a type of a
target object in the object volume based on said reconstructed object volume

scattering density.

3. The method of claim 1, wherein providing the probability distribution of a
charged particle scattering for use in an expectation maximization (ML/EM)
algorithm comprises:

(g) obtaining a probability distribution in 2D for a charged particle based
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i kelihood estimate of the object volune scattering

density using said expectation nmaxi mzation (M./EM
W@R@en#askm conpri ses gat heri ng nmeasur enments of PCT/US2007/082753

scattering and nonentum for each charged particle;

on a Gaceore Sp L ee R s PamREPOALPORERd st at i ot i ca

scat ?r(btﬁgIHW% 30 Cﬂfro@é&htycﬁéfrg:ﬁﬂloﬁafdr' s4ig Eﬁ%%/d particle

function pair, determning’the weight matrix ,
based ointsaid 2B prgbablhtyt@shrlbgtldleny ty in each basis function

W th.a ess; and, i for .

Appr GG RaRp il Rutiah ot bAtsriop Gt charged
partictéd Q%u@ﬂmaeﬂbﬁ hoMiGgeHdus! B%Jédt Sy SHiinke cRERESTzedS via basis

stoppedat a predeterm ned nunber of iterations or
functiahenanche sol ution is changing |l ess than a

det dt . l.ue. 8 t ho
D © e RBSE a BirtatEy st Siom b sfainio Ba8ed'on
said Hbﬁﬁﬂnbhom@rézﬁt BA@ sooerih§and] rﬂ@Fne\hﬂJrH”ﬁ‘le‘é%@Férﬁéht@gof said
density using said expectation nmaxi mzation (M./EM

charggldgearticlem conpri ses gat heri ng neasurenents of
scattering and m)msntumfor each charged particle i =
1 to M (Agx, Agy, A, Ay,p ; estimating the geonetry of

4. | Wh@rrﬂéfho@nopélaﬁﬁl@ Wﬂ@@lnwdmalﬂ#@“a\ﬁPéSBéblbity-derlﬁuﬁbn in 2D
LJ) : for each charged particl e voxel pai f, computing

for a hehargeghoparigle | kased. en sawpredefined IsEatteriog density of an
homogenous object comprises

(k) determining the scattering density of a material as the expected
mean square scattering of said charged particles through a unit depth of said
material;

(I) approximating the charged particle scattering distribution based on a
Gaussian model; and
(m) approximating charged particle ray scattering and displacement based

on a correlated 2D Gaussian distribution.

5. The method of claim 3, wherein obtaining a 3D probability distribution for

said charged particle based on said 2D probability distribution comprises:

adding a coordinate and defining a three dimensional path length;
computing a 3D displacement; and

defining a 3D covariance matrix.
6. The method of claim 5, wherein obtaining a probability distribution for

scattering of multiple charged particles through a non-homogenous object volume

characterized via basis functions comprises
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D/3+y v+L T initializing a guess of the scattering
density |j old in each voxel; and using a stopping

W@ 108240560 process to set |I] |d = 1] nmw for allPuDK81087/082753
9 . The nethod of claim1l, wherein said expectation

maxj m.zation /. al gorithmincludes, a an date .

" BF 0B Ah AT eSS iistons Tepkre HBg IBRCIeIe eratenng
densily e¥fgh@sh sai d charged particle tonographic data

conprises cosmc ray muon tonographic data. 11. A

c defauraning niblee seatterdngret disgpldaemerdt eavdrisgncan nuldfieclior each
.. .volume from char ged rticle tonngraphjc. data obtai ne
indivieiTEnh Shpotnctr ohahe ey At g et g St idtes

and obtaining charged particle tonographic data
corresponding to scattering angles and estimated
mogtanminiog e henbgbility distiiutien feassplhglithodgeharged paieles as

e iRl P REe e BRI o e o °
expectation maxi mzation (M./EM algorithm said

probability distribution being based on a statistical
7. mihei pleghet axft dainmgl , nwbelein (dgtedeinimgriansulgstantially maximum

. .subst ant i.al Ly maxi.oym | i kel i hood estinmate .of object .
kel R AR Er PGl E seng kP SBp G SRl Sxbectation
maxirfistieh IRIL/EM) 6Mdriith @ngsisdshm and (d) outputting a
reconstructed object volune scattering density. 12 .
The method of claim 11, further conprising making a

deci si.Qn_.based on_sai d _recon ucted object scatterin

Vo (ARG Rttt S ooRterEie” oy P oneTir dbi, e
chargedydreleleg a probability distribution of acharged

particle scattering density for use in an expectation

maxi éftimatingngenmetx)ofdnipsactiamot eaph ickesggdyparticle with each
: I.at | : : AR [ stribution in 2D for a
bas'sgﬁé@@dbg%(ﬁ |Eeqgg'gggsgglﬁsw%%c?&ee&efi ned scattering
densfof Yeaeh ehdrge@IRRaCIS IS Glinction) R@ib,t aéeteinghidg 3B weight
probability distribution for said charged particle
matrix: Wj;
initializing scattering density in each basis function with a guess; and
iteratively solving for the approximate maximum likelihood solution for
object volume contents;
wherein the iterative process is stopped at a predetermined number of
iterations or when the solution is changing less than a predetermined tolerance

value.

8. The method of claim 1, wherein determining a substantially maximum
likelihood estimate of the object volume scattering density using said expectation
maximization (ML/EM) algorithm comprises

gathering measurements of scattering and momentum for each

charged particle i = 1 to M (AG,,A6,,Ax,A , p});;

estimating the geometry of interaction of each muon with each voxel j =
1to N: (L,T)

l.j,

for each charged particle voxel pair, computing the weight matrix: W
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based on said 2D probability distribution; (i)
obtai ning the probability distribution for scattering
wW@R00ssasspl e charged particles through non- honPgENS2087/082753
obj ect volume characterized via basis functions; and
(j) determining said probability distribution for
mul ti &je scat @%?ffﬁ@j based on said definition thereof

as Wan Iszat rer ing-pmd-nwpent um neasur enents of said

charged“particl es’ 14" The method of claim 13, wherein

sai dnkiBAziAgS Gasds! 6Tl tRe LRABENMPOESsiHANA GOBRER $8%el; and
cosm’ncI rz;ygch%l?%ed pa?ti cl elr{?g‘(;nogrlgﬁhﬁ’”g dat a. 156. ar%he

met i ; i MRt i ng; th ity
i s G B el Rar [ P4s acedoaa s

predefined scattering density of a honbgenous obj ect

conprises determning the scattering density of a
9. ndhermathass of kirexpewherkinsaid sypactatiorn anaximizajiont (ML/EM)

osm ¢ ray charged particles of .nomna mentum PO =

algor RS AGRE Hrr R eqblst o 8 e Chipie U -

approxi mating cosmc ray charged particle scattering

di stribution using Gaussi an nodel ; and approxi mati ng
10. cdéeinethay of ctaimet i witeremdsalt shlaegrshpanticleytomagaplet statal

2D Gaussi an di st ritbuti on; .V\Ger ein obtaining a 3D
Compﬁ'ISSBQB?rlni'q S?ycﬁngf’?i %PQWW% at?ai d charged particle

based on said 2D probability distribution conprises:

addi ng a coordi nate and defining a three dinensional
11. pé& kompuiggthimplemantecgnathep ﬂirsget@cém@ran objefd efaluingg from

a 3D covariance matyi X nd ereln obtai ning the.
chargh iRt S0 st pRERed B8aT 1 AELI et Rfjcmetnod
comptiBiigged particles through non-honbgenous object vol une
characterized via basis functions; conprises

(a) obtaining charged particle tomographic data corresponding to
scattering angles and estimated momenta of charged particles passing through
an object volume;

(b) providing a probability distribution of a charged particle scattering
density for use in an expectation maximization (ML/EM) algorithm, said

probability distribution being based on a statistical multiple scattering model;

(c) determining substantially maximum likelihood estimate of object volume

scattering density using said expectation maximization (ML/EM) algorithm; and
(d) outputting a reconstructed object volume scattering density.

12. The method of claim 11, further comprising making a decision based on

said reconstructed object scattering volume density.

13. The method of claim 11, wherein providing a probability distribution of a
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establishing a 3D grid of basis functions representing
di screte scattering density estimtes; determning the
waeasu&ssmg / di spl acement covariance matrix fRET/E82907/082753
i ndi vidual cosmic ray charged particle as a function
estimat es

f th h. d tt d it
chargey SRRGIE retesBan CENED dok it B Feveetib, apxi)2ation

(ML/EN0) g@mmnrcgyn&g@gged particles as the product of
i ndi vi dual charged particle probabilities. 16 . The

rret h(gd esltlrrtatmgnhhMprqblabmw distriodion im 2D uleschatdgeal pgrticle

d | t t
vased B4 BIAdRNEL SEoeSr L aeib % hSbEEhotSABREL m zati on
(ML/ @M otbRig 1100 QBBASRY SRINRINOASIFESSr EnRgea Bhrticle
scatteri ng and nonentum for each cosmc ray char ge
basegantsaid 2D m’gbawm digtrigetiomt ry of interaction of each

bl %F‘rﬂgﬁltﬁ?pp@*@%ﬁh SRRSUBHer" fopledih o mutple
h abaati@arthidtigh Bkl ég?@ﬁdu%n BRict : vaIgh@r BhatditeriZed
¢ arg‘e'@i pgt mat ri x: g@\l / ali 2|0n]g?;;é sc\étterl ng density via
baSISlfhn@taIﬂs badi s functl on with a guess; iteratively

sol vi,n or t.he a e X1 mm | keI i hood

o o BelePlytin AR P Rbel o SHETRE ol Rettering bases
on sdifl edihition PePsETSand Scattehiie dndtmémehafeirreadtehdmidrde said

of iterations or when the solution is changing | ess

chargeqaperiClgpedet er mi ned tol erance value. 17 . The net hod
of claim 10, wherein determ ning substantially maxi num
I'i kel i hood estinate of object volune scattering

14. dgRsirh¥thedidTEIS/a 13 wﬁ@@trﬁéaue%haﬁg@d@mbleqen(dypé;ﬁ% data
al gorithm conpri sesgat heri ng neasurenents of

compsisas cesMmigyrayrehaiges padield hmegrephistdatged particle / =

1 to M (Agx, Aqy, Ax, Ay, pr
15.  The method of claim 14, wherein estimating the probability distribution in
2D for a charged particle based on a predefined scattering density of a

homogenous object comprises

determining the scattering density of a material as the expected
mean square scattering of cosmic ray charged particles of nominal momentum
p, =3 GeV through a unit depth of that material;

approximating cosmic ray charged particle scattering distribution
using Gaussian model; and

approximating cosmic ray scattering and displacement by a

correlated 2D Gaussian distribution;

wherein obtaining a 3D probability distribution for said charged particle

based on said 2D probability distribution comprises:

adding a coordinate and defining a three dimensional path length;

computing a 3D displacement; and
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2\ ; estimating the geonetry of interaction of each
charged particle with each voxel j =1 to N (LJ) u ;

WO 20088450 char ged particle voxel pair, conputiPQr/ukm07/082753
weight matrix: W21J 1J T1ll-Yl T 13+T2T +T T2
initialj uess .of the scattering density |I] Id

in eacH® %'QE@%@&%@”%”%‘%WH h§riteria process to

set I] d = lhnewfor all voxels. 18 . The method of
claim17, wherein said stopping criteria process
cmﬂrmreiseebfainingaﬂnle ehetrajaldy pdistrioeition fmnmattem@gooﬁsmu@iple

v 7?2 and taki t he inver
chargfs Paficles ﬁhwhg@8nSﬁam?%w?o@e%a@um@oﬁ%ﬁ% 2efis via
bas.sqeﬁ&iddsoearlnp%%ct ation terms: Sy , using =1 -TrV o
, Where Tr(AB) =Tr(BA) in the |ast step, and
i ncorpesmlla@lngoahBD gnd of dmsislifuatt®nsc aepreseniingl atiscrete

usi.n ! _yx+yy\:2'|nan
uBB%‘?%r"{QJ%%”Wé ’mst hod of claim 18, wherein said
Chafge@et%;ﬁ‘frﬁhlﬁbeﬁheC@B’ﬁﬁél‘%ﬁgEWGFéélacéﬂwenTh&\iﬁ%h@é ®fatrix for
claim 18, wherein said orithmincludes a nean

each upduatd@ai gemite ray etarged nam)cle:av &(functioropf dhergrdy arath and
date rule defined as Mj i Ly mdi (S(tm), . 2 1. A
scatt mgpgfta’résr'tyﬁsé'&‘aiﬁ’? pq uct conprising: a conputer-usable

data cagétefhining probability distribution for a plurality of cosmic ray

charged particles as the product of individual charged particle probabilities.

16. The method of claim 14, wherein determining substantially maximum
likelihood estimate of object volume scattering density using said expectation
maximization (ML/EM) algorithm comprises

gathering measurements of scattering and momentum for each cosmic
ray charged particle;

estimating geometry of interaction of each charged particle with each
basis function of said statistical multiple scattering model;

for each charged particle basis function pair, determining the weight
matrix: Wj;

initializing scattering density in each basis function with a guess;

iteratively solving for the approximate maximum likelihood solution for
object volume contents;

where the iterative process is stopped at a predetermined number of
iterations or when the solution is changing less than a predetermined tolerance

value.
17. The method of claim 10, wherein determining substantially maximum

likelihood estimate of object volume scattering density using said expectation

maximization (ML/EM) algorithm comprises
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storing instructions that, when executed by a

conputer, cause the conputer to performa nethod for
wae@Biigtsscal reconstructi on of object vol une deeiEU$23007/082753

profiles fromcharged particle tom)graphi c data, the

par (PSR BPAFrLOUa: 2 c5rP U b iy POMERTonPhgEech

d d h d ticl
charg%r& aerﬁ%@?hrgﬁé Wégxé%?ﬁ {Kuﬁ’go)f ( g) a[)?gw S?Lgl fh:s

bro %skeﬁrﬁét fgebmétttlyogf ﬂ"te%%ﬁegf BALA c'ﬁhg%ﬁd gartlcle with

scatteri n ectati on maxi
each @Nké@l\@wégpr([tm said pr obabl ity distribution being
based on a statistical nultiple scattering nodel; (c)

det eforigaich Charged plastitlé aokyl paixi wﬁpuﬂlﬁgﬂhém@bht matrix: W

estimate of object volune density using said
expectlati on maXBrlZation (M./EM algorithm and (d)
i0T py@rg "0 @/8epensi ruet ed obj ect vol ume scattering
density.” 22.7 A detection systemfor detecting an

obj & Mﬁb& lYés% c?friﬁé %?th i gd H‘éu’@ﬁ/ Rassh Egcrﬁ DoRyah.

the o Stoks position

sensj "H%ol uﬁ%&ﬁé%ﬁ?erl &8s Iﬁfsé"t Jirst,s rglv?Qels

obj eC neas re posi 1T ons“dnd ‘angles o
i nci dent charged particles towards the Obj ect vol uneg;
a second set of position sensitive detectors |ocated

18. Ofha raethoadbfdlaie F, wirepbsaid istopingreriepiaqsotess cormpeses
first side to neasure positions and angl es of outh|ng

charfged peechcl eshasged ng particiebj ectomputing; ard), a  using
signal processing unit to receive data of neasured

i ghal s frobylheTfirst set of position sensitive
dﬁyﬁgprsL3§§+dL2 aLs pr ed 28AdalkNg the BIver$ke second set of

6si t¥an Sensi’td ve “det ectors, wherein the signal

Zr tatistical ﬁeﬁéﬁiffﬁif e Reeh Bl aRER K BeP A

compi€ing ithey cOh@itiohFIUEX S@ﬁtaﬂoh%ﬂné he al¥iegt vol ume. 23. The
systemof claim2 wherein the si gnhal processing unit

n IS fi-gur editr0: & arti.gh e
5" mé@gp“ tc‘ﬁagﬁ]%@%wg Q?%a’{/fo%cgf %frﬁng

= 24 +(DIT, W21 D, ~Tr(E, W) p2, (A7,

where Tr(AB)=Tr(BA) in the last step;
and incorporating both x and y coordinate scattering data using

(n) (n)
oSS

2

2

in an update rule.
19.  The method of claim 18, wherein said charged particles comprise muons.

20. The method of claim 18, wherein said ML/EM algorithm includes a mean

update rule defined as/lj(.”“) —— > S{". or a median update rule defined as

]1L¢0
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angl es and estimated nonenta of charged particles
passi ng through an object volune; (b) provide a
WEe@bakisko ty distribution of a charged parti cl BCT/US2007/082753
scattering density based on a statistical multiple
scattering nodel; (c) determne a substantially
(HDaQMh@yghllkgﬁn200d estimate of the object volune
7 scatteritig’ dénSity using an expectation maxinization
(M./EM algorithm and (d) output a reconstructed
obj ect volume scattering density based on the

21. S%@éérﬂﬂhteﬁ"drﬁgf@ﬁ zdféamét'd,‘c%b@ﬁg Ssédnﬂﬁﬁtér-ugélblem]ﬁa carrier

system of claim 2 wherei n: each of the first and
storingeipstrdctimtssthat, waeniexesuthst by teocemiputdrudsusk itie cooipeder to

perfofbif Nieifiad taf slelLlicHl eEoRmictoR ot OREE LoR e sy profies
from blﬁ‘é}@bdtdﬁrﬁ(ﬁe @&ﬂbg%ﬁbﬂi’@&ét‘ac ke RR#Ad @&ﬂEr@ﬂQSUf ement s
in a second direction different fromthe first

d| rect| on. 25. The system of claim 22, wherein the

] 5, DAL R0 e oo
corre BpOHERES td ScHAbling %n@@%férgdi eSGmbted RSt oMtdlahged @artlcles

target object is préesent in the object volunme based on
paSSlﬂgéh@lugthiWQiadOMr@@,onstructl on of the vol une

ng) Li:)rli%{vlld1 rgg (Eheg Sp'r(t) Stcrh"s rl%t L8R o éhrgrgeé rE)%rtcl)ckfé scatterlng for
use in an expectation maximization (ML/EM) algorithm, said probability
distribution being based on a statistical multiple scattering model;
(c) determining a substantially maximum likelihood estimate of object
volume density using said expectation maximization (ML/EM) algorithm; and

(d) outputting a reconstructed object volume scattering density.

22. A detection system for detecting an object volume via charged particles
passing through the object volume, comprising:

a first set of position sensitive detectors located on a first side of an object
volume to measure positions and angles of incident charged particles towards the
object volume;

a second set of position sensitive detectors located on a second side of
the object volume opposite to the first side to measure positions and angles of
outgoing charged particles exiting the object volume; and

a signal processing unit to receive data of measured signals from the first
set of position sensitive detectors and measured signals from the second set of
position sensitive detectors, wherein the signal processing unit processes the
received data to produce a statistical reconstruction of a volume scattering

density distribution within the object volume.

23. The system of claim 22, wherein the signal processing unit is configured to:
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(a) obtain charged particle tomographic data corresponding to scattering
angles and estimated momenta of charged particles passing through an object
volume;

(b) provide a probability distribution of a charged particle scattering density
based on a statistical multiple scattering model;

(c) determine a substantially maximum likelihood estimate of the object
volume scattering density using an expectation maximization (ML/EM) algorithm;
and

(d) output a reconstructed object volume scattering density based on the

substantially maximum likelihood estimate.

24. The system of claim 22, wherein:

each of the first and second sets of particle detectors include drift tubes
arranged to allow at least three charged particle positional measurements in a
first direction and at least three charged particle positional measurements in a

second direction different from the first direction.

25. The system of claim 22, wherein the charged particles are natural cosmic ray
muons incident to the object volume and the signal processing unit is configured
to indicate whether a target object is present in the object volume based on the
statistical reconstruction of the volume scattering density distribution within the

object volume.
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